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ABSTRACT 
 
Drip irrigation is a system in which water is supplied directly to plant roots with a pressure 
and flow rate to meet the crop water requirement. Drip irrigation systems are in extensive 
use around the world since its acceptance for easy control of the applied water volume and 
thus to irrigation management. These systems are compatible for a wide range of crop 
variety, soil type, climate and land surface despite of few potential constrains.  
 
Clogging and emission non-uniformity, for a long time, have been the major obstacles in 
the development of drip irrigation. It would be a serious problem in areas with brackish 
water where the problems of precipitation of calcium carbonate, organic materials and 
suspended sands are severe. Installation of filter equipments before supply to the system 
has solved a part of the problem but could not eliminate it entirely so far and thus irrigators 
have to use different methods to remove the precipitations by acid, which has adverse 
influence on soil and crops.   
 
In order to obtain the best emission uniformity (EU) in uneven lands the pressure 
regulators and pressure compensating emitters (a gadget) have been used. However, 
pressure compensating emitters tend to be more complex and costly than non-
compensating emitters and are not easy to apply.  
 
In this study, the possibility of utilizing small diameter pipes approximately 2 to 4 mm 
called microtubes have been discussed for enhancing the discharge uniformity of the drip 
irrigation and decreasing the difficulties encountered by those emitters due to clogging and 
blockage. Microtubes have many advantages compared to other types of emitters in terms 
of cost and practical applications. As these small size pipes are made of flexible materials, 
can be adjusted in shape and length without difficulty. By adjusting the microtube lengths 
at different points along the lateral according to energy head developed, an equal outflow 
can be delivered to evenly spaced plants in the field. Here microtubes act as emitters.  
 
The variation of the microtube lengths is made for dissipating the extra heads above a 
threshold value. This threshold energy head value has been set, at the very last microtube 
of the end-lateral in a given manifold (or subunit), equal to the frictional and other minor 
 v
energy heads lost for that minimum length microtube required to reach the plant under 
consideration. A subunit consists of a manifold from where laterals are emerging at a 
regular interval. As such, laterals can also be imagined as larger emitters along the 
manifold of an irrigation subunit. These larger emitters would have a characteristic 
pressure-discharge relationship, for a hydraulically calculated set of microtube lengths that 
are emitting equal discharges along the end-lateral, to establish a base energy head at the 
end point of the manifold. At this juncture there would have two options for the design of 
the succeeding laterals. In one option called Pre-defined Emission Uniformity, the length 
of all the microtubes in the succeeding laterals will have the same set of lengths as has 
been calculated for the end-lateral. This configuration of the microtube setup will deliver 
variable discharges, which could be adjusted within the emission uniformity (EU) assigned 
by the designer. In other option called Full Emission Uniformity, the designer will vary all 
the microtube lengths in all the successive laterals so as to deliver equal discharges and 
thereby to achieve full emission uniformity (EU).  
 
In the first option on Pre-defined EU, as the same set of microtube lengths will be fitted to 
the other successive laterals, the characteristic pressure-discharge relationship from the 
end-lateral can be applied to these other laterals to extrapolate their corresponding 
discharges. The energy head in the end-lateral can be added with the energy required in the 
preceding reach of the manifold to obtain the energy in the inlet of the foregoing lateral. 
The variation of discharge in manifold line has been defined by emission uniformity (EU) 
of the system and can be assigned by the designer to find the optimum manifold length to 
have the EU within that range. In this research two programs developed to design an 
optimum drip system with certain emission uniformity. The first program is a standalone 
program that can be run for different discharges, the outcome of this program is the set of 
microtube lengths, number of coils and the pressure heads of the very last lateral. When a 
set of discharges and corresponding pressure heads are known, the relationship and 
hydraulic parameters of pressure-discharge relationship could be obtained.  
 
Several case scenarios for three typical microtube diameters of 2, 3 and 4 mm have been 
performed within four nominal lateral sizes of 10, 12, 14 and 16 mm, and the design charts 
and tables are developed for three terrain slopes of 0, 0.25 and 0.5%. At the second step 
these results and hydraulic characteristics of larger emitters (laterals) applied to a manifold 
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line to design a complete system. The outcome of the second program is the number of 
laterals required to determine the Pre-defined EU and finally calculate the pressure head of 
the system.         
 
In the other option on Full EU, in order to make all flow rates of the laterals equal (EU = 
100%), adjustment of the microtube lengths corresponding to the total inlet heads are 
applied for all successive laterals. For this option like the Pre-defined EU, also three 
typical microtubes and three lateral sizes applied along with three terrain slopes of 0, 0.25 
and 0.5%. The results of all those layout combinations show that correlation between 
microtube length variation and energy drop ratio can be generalized for all microtube and 
lateral sizes in a given slope. To develop the generalized equations for microtube length 
and energy drop ratio, Energy Grade Line approached has been considered. Therefore, the 
set of design tables and graphs incorporated with a general equation as the outcome of this 
option, are provided for designers to avoid any computer simulation. 
 
When the required discharge and diameters of microtube, lateral and manifold and some 
ground conditions are given, the length of the microtubes, the pressure heads, emission 
uniformity (in percentage) and the best subunit dimensions can be obtained. The results of 
study show that larger sizes microtubes have higher variation of length, while applying 
larger flow rates can decrease the length variation along the lateral. Few examples are 
prepared to demonstrate the drip irrigation design parameters in typical subunit sizes. 
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Chapter 1   Introduction 
 
1.1 Drip Irrigation 
Drip or trickle also called micro or localized irrigation is a pressurized system to irrigate 
the crops and orchards, consists of an extensive network of pipes usually of small 
diameters that deliver water directly to the soil near the plant. The system usually 
possesses fertilizer injection system, supplying plants with needed nutrients. In drip 
irrigation the objective is to provide each plant with a continuous readily available supply 
of soil moisture, which is sufficient to meet transpiration demands (Keller and Karmeli, 
1974). A filter is used to remove suspended materials, organic matter, sand and clay to 
reduce blockage of the emitters. Along with pumping station, control valves are installed to 
provide required pressure heads to the system (Hensen et al., 1980; Bralts and Wu, 1979b). 
  
The system contains emitters, laterals, manifold and mainline, which supplies water from 
the source to plant root zone. The mainline delivers water to manifold and manifold 
delivers water to laterals. The emitters, which are attached to laterals, distribute water to 
plant root zones. Laterals are normally one sized pipes, made of polyethylene (PE) with 
diameters 10 to 16 mm in range, providing better flushing, easy installation and 
maintenance characteristics (Hensen et al., 1980, Perold, 1977). Manifold and mainline are 
either in medium density polyethylene (PE) or rigid PVC with diameters 20 to 100 mm in 
range (Wu and Gitlin, 1977b). Emitters are plant’s point sources of water and designed to 
provide small and largely equal amount of discharges of plant requirement. Emitters are of 
many kinds, such as, orifices, nozzles, porous pipes, microtubes, etc to dissipate the 
pressure in the pipe distribution networks by means of a narrow nozzle or long flow path, 
and thereby decreasing the water pressure to allow discharges of only a few litters per hour 
(Vermeiren and Jobling, 1980, Bralts and Wu, 1979). Then water is distributed by its 
normal movement through the soil profile. Figure 1.1 shows an example of a typical drip 
irrigation system consisting of emitters, laterals, manifold, mainline and filter equipments.  
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Figure 1.1  A typical drip irrigation system (source: www.justbiit.com)  
 
1.1.1 Advantages of Drip Irrigation 
Drip irrigation offers unique agronomical and economical advantages for the efficient use 
of water. It is considered as the most water saving method of irrigation, thus very ideal for 
use in areas with limited water resources. It is also beneficial in temperate areas where 
other surface irrigations such as flood and furrow irrigations or pressurized systems such as 
sprinkler are subject to big water loss due to evaporation. Since the system’s emission can 
be controlled by time management or using different types of emitters, the problem of deep 
percolation and loss in the soils can be reduced and saves water in root zone and 
subsequently application efficiency could be achieved. This system can be applied very 
efficiently to small trees and widely spaced plants such as tomatoes, citrus and grapes 
(Benami and Ofen, 1984) (Wu and Gitlin, 1977b). In arid regions with good management 
the ratio of transpired to applied water is usually at least 0.9 (Hensen et al., 1980). Water 
application efficiencies approach 100 percent and water savings of 30 to 50 percent over 
other irrigation methods are obtained for crops and conditions favouring drip irrigation 
(Hensen et al., 1980). Insect, disease and fungus problems are reduced by minimizing the 
wetting of the soil surface. Fewer weeds, less soil crusting, reduced cultivation and thus 
less soil compaction interference with harvesting are other benefits of drip irrigation 
(Hensen et al., 1980).  
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The possibility of applying the fertilizer and pesticide by injection into irrigation water and 
deliver to plant root zone can help to decline the deep percolation of this important input 
and increase their efficiency. Use of saline water is not recommended in sprinkler systems, 
which cause leaf burn. However, saline water can be applied in drip irrigation systems. 
Saline water should be applied with caution because salts may cause emitter clogging and 
require frequent soil leaching to prevent salt accumulation in the soil (Vermeiren and 
Jobling, 1980). 
 
1.1.2 Problems of Drip Irrigation 
Clogging of the small conduits in the emitters is the most serious problem of drip irrigation 
system. Sand and clay particles, debris, chemical precipitants and organic growth can 
block flows through emitters. The clogging occurs gradually and reduces the flow rates of 
emitters and causing poor water distribution (Vermeiren and Jobling, 1980). This problem 
will lead to poor productivity in farms or orchards because some parts of the land obtain 
more water while other parts do not meet the minimum requirement of plants due to 
evaporation. Clogging occurs mainly due to passage of water through the very fine pores 
of the emitters. Thus, emitters with smaller passages are more susceptible to blockage. The 
delivered water contains suspended particles, salts and dissolved fertilizers which create 
severe problems that require tedious efforts and skilled man-power to resolve. Using acid 
injection and/or replacing new emitters are the main common solutions for clogging 
problem which both are time consuming and impose huge running cost to the system 
(Gilbert et al., 1981). Moreover, uneven flow rate due to pressure head loss is another 
major problem of this system. Drip irrigation systems do not apply water with perfect 
uniformity along the crop rows. Some of the variability is caused by manufacturing 
imperfection in the emitters, but the major problem crops up from the stance of the system 
design, in terms of the frictional loss in the direction of flow through the lateral pipe or 
tubing where emitters are attached (Myers and Bucks, 1972).  
 
Drip irrigation usually operates under low pressure (less than 100 kPa). Pressure 
distribution inside a lateral or manifold will be greatly affected by the friction and slope of 
the pipe laying. This variation of pressure will change the discharge of emitters along the 
line. However, an ideal drip irrigation will be one which can irrigate uniformly that each 
emitter delivers equal discharge as required by the plant per irrigation (Wu and Gitlin, 
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1973). Several manufacturers have designed emitters to reduce discharge variations caused 
by friction-induced pressure changes in the lateral pipes. These emitters are complex and 
susceptible to clogging to impose huge initial and operational costs to the system. In 
another instance, a graphical procedure was developed by Wu and Gitlin (1973) using 
simple emitters of different diameters along the lateral pipe to compensate its frictional 
losses, which in practice is very hard to install.  
 
In terms of economical consideration, drip irrigation requires high capital cost as well as 
maintenance. Researches showed that due to big initial and running costs, the system has 
limited application in small plots of the developing countries (Singh et al., 2009). 
 
1.2 Objectives of the Proposed Study 
Microtubes also called spaghetti tubes are small bore polyethylene tubes, in the range of 1 
to 4 mm in internal diameters, are used as emitters in drip irrigation system. These small-
bore tubes can be used as pressure compensating emitters in drip irrigation system. 
Utilizing these flexible tubes as an alternative to modern dripping emitters will reduce the 
risk of clogging significantly as they have simpler passages than those emitters. 
Microtubes have been successfully used as emitters in drip irrigation system with the 
benefit of having equal flow rates at all outlets along the laterals without significant 
problem of clogging (Vermeiren and Jobling, 1980). The varied total heads along the 
laterals can be compensated by using a set of varied microtube lengths to provide requisite 
frictional losses and thereby to deliver equal flow rates to plants. Otherwise, laterals would 
have discharged varying flow rates according to its varying inlet total heads. These inlet 
heads, indeed vary due to frictional losses in the succeeding manifold reaches for its 
ensuing discharges. 
 
When each microtube works as an emitter and discharges equally (emission uniformity, 
EU = 100%) at different points along a particular lateral, the lateral at that time can also be 
imagined as an emitter along the given manifold (Keller and Karmeli, 1974). Thus on the 
other hand, if we want to standardize a set of varied microtube lengths for an inlet head of 
a given lateral, it would deliver proportionately varying discharges according to the inlet 
heads of the successive laterals. Because this standardized set of microtube lengths are 
derived based on an inlet head of a given lateral to deliver equal discharges, the given 
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lateral would have a characteristic pressure-discharge relationship, which can subsequently 
be applied for successive laterals with varying inlet heads to produce consequential 
discharges. These discharges as would vary along the manifold line, a limiting emission 
uniformity (EU) set by the designer, would dictate the resulting length of the manifold with 
the number of laterals to decide about the dimensions of the irrigation subunit. 
 
Computes codes are written to calculate the microtube lengths and total heads along the 
laterals within a subunit for a given discharge or discharges set through EU. These 
discharges are projected according to the demand of the plants and the limiting percent of 
EU. The diameters of the microtube and lateral, ground slope, and spaces between plants 
are used to compute the total heads of the system and the length of manifold required to 
fulfill the considered EU. 
 
In one code the laterals are imagined as large emitters along the manifold and the set of 
microtube lengths are proposed to be same for all the laterals, thus emission uniformity 
would dictate the subunit dimensions. In the other code, for a given subunit, varying 
microtube lengths along each lateral are calculated to produce equal discharge throughout 
the system to achieve 100 percent EU. Therefore, the specific objectives of this research 
are as follows: 
1. To develop computer programs, one is for pre-defined EU (EU = 90%) set by the 
designer and the other one is for a Full EU system. 
2.  To use the above computer programs for several typical scenarios, specific design 
tables and graphs would be developed to determine appropriate microtube and 
manifold lengths. 
3. To apply the proposed techniques to few typical design examples.  
 
1.3 Scope of the Study 
A suit of computer codes have been written using Visual Basic as a graphic user interface 
(GUI) program which can easily be run by ordinary home computers. In order to achieve 
the best accuracy using the program, the designer should consider some constraints that 
will be discussed later. The programs that have been developed to simulate the system are 
as follow: 
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i. Determination of microtube lengths and inlet pressure head of the end-lateral – 
in this code the microtube and lateral diameters and microtube spacing and 
number should be known. 
 
ii. Determination of length and inlet pressure head of the manifold assuming each 
lateral in the manifold works as a large emitter – in this part the flow rates of all 
successive laterals have been computed for a given EU using the results from 
first code and the corresponding pressure-discharge relationship. This code has 
been developed based on the practice of convenience that the entire system 
applies the same set of microtube lengths as obtained in end-lateral.  
 
iii. Design an ideal drip system with 100 percent EU using varied microtube length 
all over the system – this code also works based on the results of first code to 
initiate and create new series of microtube lengths for each lateral separately. 
Design tables and graphs have been generated for direct calculation of 
microtube lengths. 
 
iv. To demonstrate the functionality of the above two algorithms, relevant design 
parameters for drip irrigation system are applied to few case studies. These case 
studies prepared with the relevant soil and land parameters for tomato and grape 
plants, appropriate to apply in drip system.  
 
1.4 Thesis Outline 
This thesis consists of seven chapters and few appendices after the list of references. 
 
Chapter 1 describes background information about drip irrigation, its advantages and 
problems, sets the objectives of the study and provides scope of work of this research. 
  
The main purpose of Chapter 2 is to find the most relevant works and studies to improve 
the understanding of the problem, and then getting familiarity with techniques and 
analysis.  
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In Chapter 3 the basic hydraulic principles are discussed to establish the theoretical 
development of the proposed drip irrigation system design. The chapter gives the 
underpinning algorithm of two anticipated approaches to simulate typical drip irrigation 
systems.  
 
The concept from previous chapter is undertaken here in Chapter 4 to develop few 
computer programs/codes to solve the two approaches of drip irrigation system design. The 
two design approaches developed are: i) a system with Pre-defined Emission Uniformity, 
and ii) a system with Full Emission Uniformity. The program can be operated simply to 
compute the pressure distribution, microtube lengths along the laterals, and emission 
uniformity (EU) of the system.   
 
The results of the simulation for typical drip irrigation system are summarized in Chapter 
5. The chapter introduces few design graphs and tables using the concept of energy 
gradient line scheme to show how the new process of computation works.  
 
A typical layout along with soil, meteorological and realistic irrigation parameters is 
considered in Chapter 6 to demonstrate field design examples. The results of the examples 
obtained to evaluate the functionality of the proposed algorithms.    
 
Finally Chapter 7 presents the conclusions and recommendations for future research. 
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Chapter 2   Literature Review 
 
2.1 Microtubes and Emitters 
During recent years, numerous drip irrigation emitters with varying characteristics have 
become available in the market. To have the best emission uniformity and minimum flow 
rate fluctuation due to pressure distribution, some of the emitters have been designed as 
‘pressure compensating’ emitter. Some of them are self cleaning or ‘flushing’ to reduce the 
clogging but others can be clogged easily and require sophisticated water filtration. 
Solomon (Solomon, 1979)) and (Keller and Karmeli, 1974) among others have listed the 
desired qualities of those emitters in drip irrigation systems. 
 
Drip or trickle irrigation researchers have chosen two approaches to solve the clogging 
problems (Bucks et al., 1979). The first approach is to focus attention on improving the 
quality of water before it reaches the emitters. The second approach is to develop emitters 
or devices to remain free from clogging. Extensive researches were done by Bucks et al. 
(1979) using 8 types of emitters and 6 different treatment processes for water from various 
sources. The study indicated that a combination of suitable physical and chemical 
treatments is needed to keep the emitters free from clogging. Particularly filtration along 
with pH adjustment was essential in order to control the chemical precipitation and 
bacterial growth. Furthermore, it showed that the expandable diaphragm emitters treated 
by chemicals for blockage problems, malfunction in its long term operations (Bucks et al., 
1979).  
 
In a hydraulic performance analysis on various kinds of emitters, Hezarjaribi et al., (2008) 
calculated the manufacturing variation coefficient, emitter discharge coefficient and 
emitter discharge exponent in order to establish flow sensitivity to pressure and compare 
manufacturers’ specifications. The results indicated that for the chosen emitters the 
manufacturers supplied data are not reliable for design purposes. Reliable field tests are 
required prior to design of a drip system. In fact using the manufacturer’s data will lead to 
non-uniformity of discharge throughout the system (Özekici and Sneed, 1995, Hezarjaribi 
et al., 2008).  
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Recent studies indicated that in developing countries the size of farms have been declining 
day-by-day under continuous population increase. Small land holders are not able to utilize 
modern technologies for those small farms. The efforts to find cheap and efficient method 
of irrigation for such small farms were investigated to raise the productivity without 
needing to use sophisticated technologies. In many of these works, microtube has been 
recommended as a low cost and easy to install emitters. Researchers indicated that the cost 
is substantially less than conventional emitter systems (Singh et al., 2009; Bhatnagar and 
Srivastava, 2003; Ella et al., 2009; Polak , 1998). 
 
When microtube is used as an emitter in a drip system this small tube itself dissipates 
energy to flow a certain discharge. The most important variable in its design is the 
calculation of energy losses due to friction at the inner wall of the tube and other minor 
components like entrance, exit, valves, bends, etc. These energy losses also represent the 
inlet pressure of the microtube since the outlet pressure is zero (Khatri et al., 1979); 
(Bhuiyan, 1990) 
 
Use of microtube as emitter was first conceptualised by Vermeiren and Jobling (1980). The 
sizes of the tubes were less than 0.9mm and supposed to be the simplest and cheapest 
among all the water distributor devices. Microtubes as small bore polyethylene tubes can 
be any sizes between 0.6mm and 4.0mm internal diameters. The discharge from a 
microtube varies according to the operating pressure, internal diameter and length of the 
tube. In other words, for a given internal diameter, the discharge of a microtube may be 
kept constant under various pressure conditions by adjusting its length. Therefore, if the 
pressure distribution along a lateral is known, uniform distribution of water can be 
achieved by using appropriate lengths of the microtubes. In this line of concept, Bhuiyan et 
al. (1990) proposed an algorithm to obtain a variable set of microtube lengths as an emitter 
to deliver uniform discharge along a typical lateral line. Nowadays microtubes are widely 
used as an extension for micro-sprinkler or micro-jet systems to increase the outlet 
pressure and therefore to cover larger areas. These small tubes are also suitable for 
undulating lands where the pressure of the system varies considerably according to 
differences in elevation. Thus their lengths can be adjusted according to pressure heads to 
deliver a uniform discharge. 
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Recently International Development Enterprises (IDE), a non-profit organization based in 
Colorado, USA has suggested the use of this small diameter poly tubes in low cost drip 
irrigation kits. They believe that by connecting microtubes to plastic tape roll laterals and 
then to low-height tank would provide an easy to install and cheap low-pressure drip 
irrigation system, specially for developing countries in Africa and Southeast Asia (Ella et 
al., 2009).  An experimental project was undertaken to use microtube as emitter to irrigate 
lands with various slopes. The results showed a wide variation in emission uniformity (EU) 
particularly with increasing uplands. The reason of this wide variation is due to the use of 
equal length microtubes throughout the system. In another similar study the elevated tank 
was provided to supply uniform discharge to different hilly terraces in northwest 
Himalayas (Bhatnagar and Srivastava, 2003). They recommended a star configuration 
layout of microtubes (1mm diameter) as emitters to service four rows by one lateral. Their 
results show that this configuration improved the emission uniformity to 94-98%. In effect 
it is found that the number of plants served by this configuration is very limited compared 
to commercial type of drip irrigation systems.  
 
(De Almeida et al., 2009) worked on an empirical approach to determine a new micro-
sprinkler system where microtube lengths can be adjusted to deliver a nominal discharge 
for a given pressure. They found a set of pressure-discharge and pressure-length regression 
relationships for 1.07mm and 1.5mm microtubes to develop this new type of emitter. 
However, it is found that various flow regimes have been ignored for its head loss 
calculations. 
 
Khatri et al. (1979) worked with seven different diameter microtubes (0.8 to 4 mm) to 
measure head losses in the drip irrigation system. The results showed that Darcy-Weisbach 
equation can be used along with Blasius friction factor equation for those hydraulically 
smooth microtubes. Analysis was done for the separation of minor losses and to produce 
coefficients for different flow conditions. However, finally it concluded that the 
microtubes are slightly smoother than the hydraulically smooth pipes as specified in the 
Moody diagram. Experimental results by (Watters and Keller, 1978) confirmed that the 
friction factor, f of the Darcy-Weisbach equation for smooth intermediate diameter pipes (4 
to 12 mm) can be estimated by using Blasius formula. They provided some graphical 
solutions based on set of simple equations to represent a wide range flow rates encountered 
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in drip irrigation systems. Experiments by von Bernuth and Wilson (von Bernuth, 1990) on 
larger diameter pipes (14, 16 and 26 mm) and for Reynolds number less than 100,000 also 
showed that the Blasius equation is an accurate predictor of the Darcy-Weisbach friction 
factors. It was concluded that Blasius equation has reasonable accuracy for estimating 
friction factor for a range of tubes in turbulent flow condition.  
 
2.2 Design Considerations for Emitters along the Laterals  
The concept of best emission uniformity was one of the key factors for the selection of 
lateral length and the number of emitters along it. In this regard, Christiansen (1942) 
carried out the first work for a pressurized sprinkler system. The paper proposed a 
coefficient of uniformity ( cU ) for the system based on getting the measure on average of 
the absolute deviations of each observation from the mean observation. In equation format 
it can be written as: 
 



 
q
qU c 1100                                                                                       (2.1)  
where,  


n
i
i qqn
q
1
1 ,    


n
i
iqn
q
1
1 ,  and n = number of observed discharge values. 
 
For a typical drip system, the emitter flow rates depend on emitter characteristics, aging 
and variability in manufacturing of emitters, friction head losses in the pipe network, 
topography of land and the number of clogged emitters in the system. Ideally, the 
application of water throughout the drip irrigation system should be absolutely uniform 
(Solomon and Keller, 1978). To achieve this objective Meyers and Bucks (1972) and Wu 
and Gitlin (1973) have developed a design procedure using different sized pipes. The 
theoretical performance of utilizing 5 different size emitters along a lateral line shows 
%3.3  deviation from design discharge whilst for a single emitter size this value is +21% 
to -7.4% (Myers and Bucks, 1972). Howell and Hiller (1974) proposed a design procedure 
based on Christiansen coefficient of uniformity with considerations of emitter 
characteristics, frictional head losses and elevation differences of the topography. Wu and 
Gitlin (1977) proposed a technique to divide a lateral line into several sections and use 
different size pipes for each section. Their study shows that this simple fashion modifies 
the energy gradient curve of each section to a straight line except the last section. They 
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also concluded when a lateral or manifold is divided into sections the mean discharge of 
each can be used to estimate the total energy drop by friction. This approach can be used 
for both uniform and non-uniform slopes; however, all slopes have to be down slopes. 
 
Wu and Gitlin (1974, 1975) developed a dimensionless energy gradient line approach for 
direct calculation of energy drop for a range of emitter flow variation (less than 20%) 
along a single lateral line and a submain unit. Wu (1992) developed a computerised design 
technique using energy gradient line method to calculate the flow rates. A step-by-step 
(SBS) calculation has been carried out to compare the results and find out the deviations 
between two approaches. Karmeli and Peri (1977) suggested a design procedure for a 
single lateral by calculating the pressure head at each node backward from the downstream 
node. 
 
Perold (1979) developed a graphical design procedure using computer program for the 
design of microirrigation pipe system. In this design, flow rate is assumed to be constant 
using adjustable microtube as feeder. The results of the simulation trials should be plotted 
to find an optimum size for each lateral. In another study, Perold (1977) developed a 
pocket calculator iterative procedure by means of a series of dimensionless solutions to 
design a constant size lateral with multiple outlets. The complement of the Christiansen 
coefficient is used as a criterion. Thus the average of the absolute deviations from the mean 
outflow   is considered as a design criterion. Finally a design chart is presented to find 
the permissible number of outlets for the given mean deviation  . 
 
Hathoot et al. (1993) developed a computer program that calculates the velocity head 
change and the variation of Reynolds number along the lateral pipe. Simple non-
dimensional charts are prepared for some numerical examples to indicate that variation of 
Reynolds number along the lateral is important. In this study the emitter spacing is uniform 
and the outflow of individual emitters is evaluated stepwise from the first emitter. The 
uniformity of the system is the main design criteria to find the best lateral length.  
 
Kang and Nishiyama (1996a, b) applied the finite element method and golden section 
search to find the operating pressure head of the lateral that can produce the required 
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average emitter discharge. A computer program developed to calculate the best submain 
position and the operating pressure by input the known parameters such as average emitter 
discharge, required water emission uniformity and other conditions.   
 
Through a different work, Vallesquino (2008) presented an alternative method to simulate 
hydraulic performance of laterals for sprinkler and trickle irrigation systems. The method 
estimates the outflow of similar type of laterals but with different lengths. In this study two 
head losses have been taken into account, one is transversal originating through the risers 
as a consequence of friction and local losses and another one is longitudinal originating 
along the lateral because of the friction and local losses. The results of model have been 
compared to step-by-step calculation (SBS) and energy gradient line version (EGL) and it 
is concluded that the results are closer to SBS method, while the deviation from EGL 
method is greater due to considering transversal head losses.   
 
2.3 Pressure Distribution along the Lateral  
According to Christiansen work (Christiansen, 1942) for sprinkler systems, a curve of 
pressure versus position along the lateral line seems to have the same general shape 
regardless the amount of flow rate, head loss and length of line. The flow condition in 
lateral line is steady and spatially varied with emitter outflows, thus the distribution of 
discharge along the line is increasing upstream. Due to the variation of discharge in the 
line, the energy gradient line will not be a straight line but a curve of the exponential type. 
Wu and Gitlin (1975) developed dimensionless pressure curves for three types of flow 
regimes in laterals. These dimensionless curves prompt the designer to calculate the energy 
drop along the lateral line. They formulated a general equation to calculate the total energy 
drop based on total discharge or average discharge in the lateral line. So the solution is 
only an approximation since the energy gradient line is determined by assuming all emitter 
flows are constant (or with small variation). To overcome the problem and increase the 
accuracy of design this direct Energy Gradient Line (EGL) approach modified into Revised 
Energy Gradient Line (REGL) approach using revised total discharge calculation. It is 
concluded that a mean flow approximation can be used to determine the adjusted total 
discharge for calculating total friction drop at the end of lateral line and used for direct 
calculation for emitter flows for the REGL approach. It is also concluded that the 
comparison of EGL and REGL with Step By Step (SBS) method for each emitter from 
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downstream to upstream shows only 1% difference in emitter flow variation as long as the 
design is made within 20% emitter flow variation.  
 
Keller and Karmeli (1974) confirmed that general shape and characteristics of the emitter 
head-loss curve are essentially independent of the emitter exponent and amount of head 
losses. A detailed analysis of many laterals using a computer model confirmed that for 
wide range of emitter characteristic values and pressure losses, the average pressure of the 
lateral occurs at 40% of the lateral line. They also found that approximately 77% of the 
total lateral head loss occurs between this 40% length of lateral line from starting point, 
leaving 23% between 60% of lateral line up to end.   
 
Howell and Hiller (1974) presented design equations for the determination of lateral length 
to meet specific uniformity criteria. The emitter flow function is utilized to determine the 
allowable pressure loss to meet the uniformity standards. Emitter flow variation is a 
function of the uniformity coefficient. Thus, by knowing the emitter flow function, 
elevation change and design uniformity, the allowable pipe friction loss can be computed. 
Then taking the pipe size, pipe roughness coefficient, reduction coefficient for dividing 
flow, average emitter flow rate, allowable pipe friction loss determined previously, and 
either the number of emitters per lateral, the lateral length can be determined. For this 
purpose equations and dimensionless graphs developed to assist the design of laterals. 
Design input data includes the emitter flow function which could be obtained from 
manufacturers specification and reduction coefficient for dividing flow and emitter friction 
and inlet pressure of lateral. When the aforesaid data are known the dimensionless graphs 
can be used to determine lateral length as a function of the number of emitters per lateral. 
 
Yildirim (Yildirim, 2007) presented an analytical technique to solve hydraulic design 
problems of various types of multiple outlet pipe lines in different flow regimes and 
uniform line slope cases. This method could be generalized and applied for trickle, 
sprinkler and even gated pipes. To calculate the pressure and discharge the improved 
energy gradient line is determined based on the average friction drop with a simple 
exponential function to express the non-uniform outflow concept. To determine friction 
head losses, the Darcy-Weisbach formula is used and the kinetic head change is considered 
whereas minor head losses are neglected. To improve the accuracy of the technique, 
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determination of pipe segments in different flow regimes have been taken into account. For 
the uniformity purposes, it is proposed that the maximum difference in the outlet operating 
pressure head along the pipeline is less than a percentage of the average pressure head. The 
result of some examples solved by this method are compared to numerical results of SBS 
method carried out by(Hathoot et al., 1993), which shows fairly small difference. 
 
2.4 Manifold Design 
The design of the manifold is similar to the lateral design. However, the spacing between 
outlets is greater and larger flow rates are involved. The number of laterals and spacing 
between them determines the manifold length. The selection of the number of laterals 
depends on the considerations like: a) keeping within desired pressure differences, b) 
economic trade-off between the diameter and of the laterals and the manifold, c) the 
method of irrigation management, and d) the degree of automation of the system. 
 
Most of laterals and manifolds in drip irrigation have been designed based on a single pipe 
size. The energy gradient line has been derived and presented by an exponential curve that 
is used as basis for designing laterals and manifold lines (Myers and Bucks, 1972, Wu and 
Gitlin, 1973). However, under certain field conditions, the length of laterals and manifolds 
may be relatively long and have non-uniform slopes, so the use of different diameter pipes 
is inevitable. Wu and Gitlin (1977a) proposed a graphical method to design lateral or 
manifold line with varying pipe sizes. They showed that by choosing different pipe 
diameters the energy gradient line will be close to the slope of the pipeline and therefore, 
the pressure variation will be reduced (Wu and Gitlin, 1977a).  
 
2.5 Chapter Summary 
This literature review shows that clogging and non-uniformity are the two main problems 
of drip irrigation systems, which different researchers tried to solve since long back. Using 
microtubes as emitters is a solution that has been studied by very few researchers. The 
most recent studies show that the application of this idea in some developing countries for 
small plots is efficient and handy for farmers.  
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The hydraulic analysis in order to obtain the discharge in any kind of emitter is another 
concern in drip irrigation design. Resolution of this problem is important to determine the 
efficiency of the system, which is called Emission Uniformity (EU). Different methods are 
discussed to calculate the emitter discharge throughout the system and each one has its 
own advantages and disadvantages. Stepwise method is the most accurate method but 
tedious and time consuming for manual calculation, however computer aided methods can 
be introduced to reduce the time and improve the accuracy.  
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Chapter 3  Theoretical Development 
 
3.1 Layout of a Typical Irrigation Subunit 
Microtubes can be applied as emitters for undulating and hilly lands. Its length can be 
adjusted according to the pressure distribution along the lateral line and so equal discharge 
could be delivered to plants. Since the flow condition in the lateral line is steady and 
spatially varied with decreasing discharge in the downstream direction, the resultant energy 
grade line would follow an exponential curve. 
 
Figure 3.1 shows a typical subunit where microtubes are emerging from the laterals to 
function as emitters. It can be seen that the microtubes have emerged from one side of the 
laterals so as to facilitate the operations of the farm machineries and to reduce the 
complexity of pipe layout. As can be seen the minimum pressure head required, at the end 
of the very last lateral (end-lateral) depends on the frictional and other minor head losses to 
overcome. The frictional head loss produced is directly proportional to the length of the 
microtube, which in turn is the distance between the lateral and the plant where water to be 
discharged. The choice of this distance would depend on the irrigator’s practice and the 
physical facilities to be operated in the field.  
 
 
 
Figure 3.1  Schematic layout of a drip irrigation subunit using microtubes as emitters 
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Figure 3.2 shows the details of a single lateral line where microtubes have varying lengths 
to compensate the extra heads developed along the lateral. It will be demonstrated later that 
to achieve equal discharges nqqq  ...21  for up (positive) and flat (zero) slopes, the 
microtube lengths would be )(... min21   n . The microtube length n  at the end 
of the lateral is taken as the minimum length, determined from realistic distances between 
plants and laterals. The increase in microtube length is needed to dissipate difference of 
extra head (e.g., nn HH 1 ) and give equal discharge for all the microtubes in the lateral. 
As shown in Figure 3.2 the increased length of microtubes can be wrapped around a stick 
(detail A), or the lateral itself (detail B), to keep a constant distance between lateral and the 
plant. In this study the term ‘coil’ is used with a diameter of 3 cm (using detail A), which 
can be altered by the designer in other circumstances. It is to note that there would have 
extra loss of energy due to these coiling. 
 
Figure 3.2  Schematic layout of a single lateral along with varying lengths of microtubes; 
details A and B shows the installation methods for making coils 
 
So with the given configuration, the varying length microtubes would release equal 
discharges throughout the end-lateral. To obtain these lengths and the number of coils, the 
total head at each microtube inlet should be calculated.  
 
Subsequently there will be two layout configurations, one will have the same set of 
microtube lengths in the following laterals of the subunit, which in turn will require to limit 
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the number of laterals in the subunit to produce a pre-defined emission uniformity (EU), 
and the other one is to vary the microtube lengths throughout the subunit to deliver equal 
discharges (EU = 100%). Let us name these two configurations, one will be called Pre-
defined EU layout and the other one will be called Full EU layout. The conceptual setting 
of emission uniformity (EU) of these two layout configurations is discussed in more details 
in the following sections. 
 
3.2 Basic Hydraulic 
In this study Darcy-Weisbach equation is used to calculate the frictional losses in different 
pipelines throughout the subunit. As discharges along the lines are spatially varying, flow 
regimes are going to change according to the velocity conditions in it. Reynolds number 
may be calculated to know the flow regime and thereby to select the appropriate equations 
for estimating friction factors of Darcy-Weisbach equation. Darcy-Weisbach equation to 
calculate frictional head losses in pipes can be written in MKS units as  
g
v
d
lfhf 2
2
                                                                                                         (3.1) 
For laminar flow the friction factor f can be written as 
eR
f 64                                                                                    (3.2) 
For turbulent flow with Reynolds number between 3000 and 100,000, Blasius equation 
gives good approximation for computing friction factor f , which can be written as 
25.0
32.0
eR
f                                                                                       (3.3) 
where, eR = Reynolds number, fh = frictional head loss,   and d = length and diameter of 
the pipes, g = acceleration due to gravity, and v  = velocity of flow. Equations (3.1-3.3) 
can be combined to obtain the equations for laminar (Eq 3.4) and turbulent (Eq 3.5) flows, 
respectively: 
4
32.1
d
qh f
                         (3.4) 
75.4
75.1486.0
d
qh f
                                                              (3.5) 
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where, fh = frictional head loss (m), q= discharge (litre/hr), d = diameter of the pipe 
(mm), = length of the pipe (m). Kinematic viscosity of water at 15˚C is taken as 
61014.1  m2/s. 
 
Velocity and other minor losses of the system can be written in general form as 
g
vkh
2
2
                                                                               (3.6) 
where, k = head loss coefficient, which in three different minor loss coefficients are 
differentiated as: i) ek = 1.2, to calculate entrance head loss assuming the entrance from 
lateral as a re-entrant one, ii) vk = 1, to calculate velocity head, and iii) ,3.1 ckc  to 
calculate coil head loss, where 1.3 has been extrapolated (for dD / ≈ 12.0 and  = 360˚, 
where D  and d  are the coil and microtube diameters and   is the angle of bend subtended 
at the centre) from Ito’s diagram (Ito, 1960) on loss coefficient for smooth bends, c  is the 
number of coils that can be computed from difference of two microtube lengths as 
  Dllc nn  1 . Only whole number of coils is taken for the calculation of head losses. 
Thus, Eq (3.6) can be rearranged to accommodate for the above three different minor 
losses as follows: 
4
2
0077.0
d
qhe                                                                    (3.7) 
4
2
0064.0
d
qhv                       (3.8) 
4
2
0083.0
d
qmhc                                                                     (3.9) 
Energy grade line as shown in Figure 3.3 is related to head losses in one side of the lateral. 
Total head at the inlet of the microtube at point n  can be calculated by summing all the 
head losses as follows: 
nfve Hnhhh  )(             (3.10) 
By placing the microtube with minimum length at the point n , the balance of energy heads 
between two successive points, )1( n  and n  can be written as  
Snhnhhhnhnhhh flfvecfve  )()()1()1(                            (3.11) 
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where S and   are slope of lateral and distance between microtubes, respectively. Since 
the discharges are same in all the microtubes, entrance and velocity head losses are equal 
in all the microtubes, so Eq (3.11) can be written as  
Snhnhnhnh flfcf  )()()1()1(                                              (3.12) 
 
 
Figure 3.3  Energy grade line and head losses in one side of the lateral ( eh = entrance loss, 
vh = velocity loss, ch = coil head loss, )(nh f = microtube friction head loss at n , 
and )(nhfl = lateral friction head loss between n  and 1n ) 
 
By substituting full expressions for each of the head balance terms there will be a total four 
equations for four combinations of laminar and turbulent conditions in lateral and 
microtubes as follows: 
 
1.  Flow regimes are laminar in both the microtube and lateral    
 S
d
nq
d
q
d
cq
d
q
lm
n
mm
n  444
2
4
1 32.132.10083.032.1                       (3.13) 
2.  Flow regimes are laminar and turbulent in microtube and lateral, respectively 
 S
d
nq
d
q
d
cq
d
q
lm
n
mm
n  75.4
75.1
44
2
4
1 486.032.10083.032.1                        (3.14) 
3.  Flow regimes are turbulent and laminar in microtube and lateral, respectively 
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4.  Flow regimes are turbulent in both the microtube and lateral  
         S
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1 486.0486.00083.0486.0             (3.16) 
Therefore, the only unknown 1n  can be calculated directly from the above equations 
when the discharge required in the trees, diameters of microtube and lateral, slope, distance 
between microtubes, number of microtubes and the minimum length of microtube 
( n min ) are all known parameters. Proceeding in this way up to the inlet of the end-
lateral, all the microtube lengths will be known to deliver equal discharges q . After 
summing all the head losses along the lateral, the total head at the entry of the lateral is 
equal to inlet head TH . So at the entry of the lateral, the total discharge would be nqQ  . 
 
So it is apparent that the discharges through the microtubes are all equal in the end-lateral 
of a subunit. In the case of Pre-defined EU, the discharges through the subsequent laterals 
will vary (  ,...21 mQQQ  where m  is the number of laterals obtained in the subunit) 
according to the total heads at their inlets. However, discharges through the microtubes in 
the following individual laterals will be equal (respective sQ  will be divided by the 
number of microtubes) because of the same varying set of microtube lengths as of the end-
lateral is in use. On the other hand, in the case of Full EU, discharges will be equal 
throughout the subunit because microtube lengths are varied according to the total heads 
developed in the respective inlets.  
 
3.3 Pressure-Discharge Relationship 
According to (Keller and Karmeli, 1974) and (Howell and Hiler, 1974) the power law 
relationship between flow rate and pressure head for emitters can be written as: 
 
xkHq                                                                                                                (3.17) 
where, q  = discharge through emitters (litre/hr), k = the discharge coefficient that 
characterizes microtube emitters, H = pressure head at the entry of the emitters (m), and 
x = the discharge exponent that characterizes the emitter flow regime. For fully turbulent 
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flow x = 0.5, for partially turbulent flow 0.5 < x  < 0.7, for the unstable flow regime 0.7 < 
x  < 1.0 and for laminar flow x  = 1.0. For fixed orifice and nozzle type emitters, flow is 
always fully turbulent, so x = 0.5; for long path emitters 0.15.0  x ; and for pressure 
compensating emitters, 0.0 x < 0.5 (Keller and Karmeli, 1974).  
 
In reality, discharges through emitters vary due to many reasons like pressure variation, 
manufacturers’ imperfection, creeping over time, etc, as observed by many researchers 
(notably Bralts and Wu, 1979b; Solomon 1979; Hezarjaribi et al., 2008, etc). As an ideal 
design it is essential that the emitter flow variation be known, particularly since drip 
irrigation system efficiency depends on application uniformity and a successful system 
depends on physical and hydraulic characteristics of the emitters (Al-Amoud, 1995). 
 
Manufacturing a set of emitters with the same k  value is impossible due to their 
complexity and constraints (Solomon and Keller, 1978). Some of these constraints are 
related to mould damage and non-uniform mixing of raw materials during production 
process. Elastomeric materials are used to achieve flushing action and pressure 
compensation in the manufacture of pressure compensating emitters. These plastic parts 
are difficult to manufacture with consistent dimensions. Also, the resilient material may 
creep over a period of time and gradually change the flow rate even though pressure is 
constant (Solomon, 1979). Carpa and Scicolone (Capra and Scicolone, 1998) indicated that 
the major sources of emitter flow rate variation are emitter design and the material used to 
manufacture the drip tubing and it’s precision. Normally, manufacturers provide a 
coefficient k  for each type of their products, which reflect the emitter’s hydraulic 
characteristics. However, due to manufacturing variation and inconsistency, any two 
emitters of the same type tested at the same temperature and pressure can have different 
flow rates. As the flow rate of emitters is small, therefore any small variation within this 
device will cause large discharge variation through the system. As such, the manufacturing 
variation of different types of emitters has been tested to identify the manufacturers 
claimed coefficients (Solomon, 1977 and 1979; Solomon and Keller, 1978; Hezarjaribi et 
al. 2008). 
. 
By measuring the flow rates of a sample of emitters at a reference pressure head and then 
dividing the standard deviation of discharges by mean discharge, the manufacturer’s 
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coefficient of variation (CV) can be obtained. Typical values of this parameter may range 
from 0.02 to 0.1 for non-compensating emitters and even may go beyond 0.1 for some 
pressure compensating emitters. 
 
In this study by applying microtubes as emitters in laterals, the problems of poor hydraulic 
design and non-uniform discharges due to manufacturers claimed coefficients, can be 
overcome. The coefficient k  in this work is related to design factors like spacing between 
microtubes, diameters of lateral and microtubes, slopes, etc. Hence using the values 
according to the given configuration will give an accurate pressure-discharge relationship.     
 
By using microtubes as emitters, the discharges of all the emitters in the lateral can be 
made equal (EU=100%) or varying with Pre-defined EU (say, > 90%) by applying Eqs 
(3.13-3.16), which in turn compose each lateral as a larger emitter attached to the manifold. 
On this basis, Eq (3.17) can be re-written for the characteristics of each lateral to relate 
discharge to pressure head of each lateral inlet as, 
       xTKHq                                                                                                                (3.18) 
where q  = flow rate through each microtube (litre/hr), K = the discharge coefficient that 
characterizes laterals, TH = the pressure head at the lateral inlet (m) and x = the discharge 
exponent that characterizes the lateral flow regime.  
 
3.4 Emission Uniformity (EU) 
In drip irrigation, ideally the application of water throughout the system should be uniform. 
It is necessary that the flow rates through the system should be uniform even though the 
pressure is not uniform (Solomon and Keller, 1978). In a well-designed drip irrigation 
system, the emission uniformity (EU) for emitters should be above a specific threshold 
level. The EU is a function of the expected discharge variation due to pressure variation 
throughout the system. Basically, EU is the ratio of the minimum emitter discharge to the 
average discharge of all the emitters under consideration, which can also be expressed as a 
percentage (Keller and Karmeli, 1974). An acceptable value of EU can be obtained by 
limiting the variation of pressure in the system. Limiting the pressure variation can 
decrease the variation of discharge in the emitters. (Keller and Bliesner, 1990) 
recommended that EU should be at least 85% for drippers on flat terrain. Therefore, each 
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lateral can be imagined as a larger emitter. This idea was first suggested by (Keller and 
Karmeli, 1974) and applied by (Solomon and Keller, 1978) for pressure distribution along 
the manifold. 
 
In this research, two systems of design have been envisaged. In one system, called Pre-
defined EU, the set of the microtube lengths calculated from end-lateral are provided for 
all the subsequent laterals unchanged to deliver varying discharges. The discharges of this 
system are varying in such a way so that the EU remains above certain specified threshold 
level. On the other system, called Full EU, microtube lengths are varied in such a way so 
that the discharges throughout the subunit become uniform to make EU equal to 100%.  
 
3.4.1 Pre-defined EU System 
In the Pre-defined EU system, the flow along the manifold line delivers a discharge to each 
lateral according to its inlet total head. Discharges from the manifold to the laterals follow 
the pressure-discharge relationship and energy grade line as shown in Figure 3.3. Since all 
parameters such as microtube lengths, slope and pipe diameters are constant in this design 
the discharges through the laterals vary according to pressure head along the manifold line 
and can be estimated using Eq (3.18). Therefore, the EU for the whole subunit can be 
computed according to (Keller and Karmeli, 1974) as 
la
ll
Q
QEU 100                                                                               (3.19)                           
where llQ = average of lowest ¼ of the lateral flow rates and laQ = average of all the lateral 
flow rates in the system. To calculate EU of the system all the discharges of laterals (larger 
emitters) should be known. In the case of using traditional emitters, the main problems 
relating to estimation of discharges are due to pressure variation along the pipeline and 
manufacturer’s non-uniformity in the batches of emitters produced.  
 
Several studies have been carried out to estimate the discharges of emitters with respect to 
pressure variation. Some of these studies applied step-by-step method (Wu, 1992; Hathoot 
et al., 1993) and some others applied direct method to calculate discharges of the emitters 
(Vallesquino, 2008, Wu, 1992, Wu and Gitlin, 1973, Yildirim, 2007). Usually, the 
calculation of discharge is associated with some approximations to simplify the procedure 
and obtain a solution for the system. The most common approximation assumes that all 
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outlets discharge nearly equal flow rates and based on this the frictional loss and energy 
gradient line could be obtained. The total frictional drop at a point and along the line can 
be calculated by an appropriate equation. Eventually, this method (Wu, 1992) offers a 
simple direct calculation of emitter flows based on energy gradient line (EGL).  However, 
two types of errors are introduced by this simple EGL approach; one is associated with the 
shape of EGL and the other one is the total frictional drop at the end of the line.  
 
The other approximation is the refinement of the previous method, by applying mean 
discharge of the emitters to develop a new formula to calculate total discharge of the 
lateral. Since the error produced by the EGL approach is caused mainly by the total 
discharge used to calculate the total frictional drop at the end of the line; rather we have to 
use actual discharge which is the summation of all the emitter discharges in the lateral line. 
Then this discharge could be applied for calculating total frictional drop of that line. The 
actual total discharge can be calculated by the mean flow of the emitters multiplied by the 
total number of emitters in the lateral line. The mean flow of the emitters can be 
determined from the mean pressure equation derived by(Anyoji and Wu, 1987) along the 
lateral line. Hence developing a formula combined with operating pressure and flow rate of 
the lateral is essential. However, this formula cannot be solved directly; a trial and error 
method is used to determine the total discharge in a subunit. The obtained total discharge is 
the revised total discharge and the energy gradient line that has been developed based on 
this value is called Revised Energy Gradient Line method (Wu, 1992).  
 
In step-by-step technique (SBS) if the end pressure is given, the pressure and flow 
distribution for a given lateral can be found without resorting to approximations. Starting 
from the end, the outflow from an outlet, as determined by the pressure, is calculated. This 
gives the flow in the pipe section between this outlet and the next one, from which the 
pressure loss in this section can be found and thus the pressure at the next outlet (Perold, 
1977). However, some field applications indicated that the manufacturer’s information are 
not reliable and significant differences could occur particularly in high pressure systems 
(Hezarjaribi et al., 2008). 
 
In this study as will be discussed subsequently, the stepwise method is applied to the 
laterals (as large emitters) for discharge calculation. The physical and mechanical 
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characteristics of such large emitters are unvarying, and thus constant hydraulic 
performance is expected. It must be noted that when a set of microtube lengths n ,...,, 21  
for certain design factors are chosen as emitters it can resolve mechanical issues related to 
manufacturing non-homogeneity of emitters. To find the hydraulic parameters x  and  K  
in the pressure-discharge relationship, regression method has been used.  The performance 
of the large emitter (lateral) with several realistic discharges was tested and finally the best 
correlation between discharge and corresponding pressure heads obtained to use for design 
of the subunit.   
 
3.4.2 Full  EU System 
To design a Full EU system with the highest emission uniformity (EU = 100%), it is 
required to vary the length of the microtubes for each laterals. The microtube lengths in 
successive laterals should be designed according to inlet pressure heads of the laterals. 
Figure 3.4 shows the schematic layout of a typical subunit where all the lateral flows are 
equal mm QQQQQ  121 ... . Considering the frictional losses of the manifold line, 
the lateral inlet heads can be as TmmTTT HHHH   )1(21 ...  using Eq (3.4) or Eq (3.5) 
according to flow regime. 
 
 
Figure 3.4  Schematic layout of a typical subunit with Full EU  
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3.5 Chapter Summary  
To work out the problem of using microtubes as emitters, related hydraulic calculations are 
required to be developed in a step-by-step manner. The basic formulas of friction and other 
minor losses of pipeline network (branch) have been applied to derive formulations of the 
discharges and total heads in the system. Whilst the microtube length is variable other 
design parameters such as pipe sizes, land slope, number and spacing of trees are to be 
provided as constants.  
 
The concept of pressure-discharge relationship has been discussed and generalized to 
calculate the discharge of each lateral line along the manifold.  
 
As such two systems of design have been proposed. One is called Pre-defined EU system, 
where the set of the variable microtube lengths calculated for end-lateral is replicated for 
all the subsequent laterals to deliver discharges. These discharges will increase gradually 
according to the inlet heads of the upstream laterals. However, the inlet heads of this 
system will be varied in such a way so that the EU remains above certain specified 
threshold level. In practice, it would limit the maximum number of laterals in the manifold 
so that the EU criterion is satisfied. On the other hand the second one is called Full EU 
system, where microtube lengths are varied in such a way so that the discharges throughout 
the subunit become uniform to make EU equal to 100%.  
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Chapter 4  Model Development 
 
4.1 Microtube Emitter Design  
Since the calculation of pressures and microtube lengths are complicated and tedious, 
computer programs have been developed to simulate the system for different EU situations 
and given set of design parameters. The results of the step by step calculations, of the 
equations as explained in Chapter 3, are obtained by computer programs developed in 
Visual Basic 8.0. The required data for the design of the subunit are: lateral and microtube 
diameters ld  and ,md  microtube discharge requirement ,q  microtube spacing  , and the 
ground slope S along the pipeline.  
 
4.1.1 Design for Pre-defined EU 
The design processes for Pre-defined EU system consists of three stages:  
a)  Lateral design - the program requires a requisite discharge to compute the lengths 
of the microtubes emerging from the laterals. As discussed before and according to head 
balancing equations in (3.13) to (3.16), the discharges for all the microtubes in the end-
lateral are equal. The unknown variable of those equations is the microtube length at each 
outlet to dissipate extra frictional heads. So the total head at the inlet of the lateral ( TH ) 
can be obtained by step-by-step calculations at different points of the microtubes up to the 
inlet of the lateral. The set of microtube lengths calculated at the end-lateral will be fitted 
in the subsequent laterals. As the total heads in the subsequent laterals are different, this set 
of microtube lengths is going to produce varying discharges through each lateral. However 
this unique set of microtube lengths obtained for a given suite of design parameters, would 
deliver equal discharges through these microtubes of the lateral considered. 
 
b) Pressure-discharge relationship - an appropriate discharge range would be applied 
to the program to find the corresponding total heads. The choice of this discharge range 
depends on the practice by the irrigators and the pressure head that can be handled by the 
system. So a range of total heads would be estimated for the range of discharges through 
the microtubes of the end-lateral. The computed lateral heads and corresponding 
discharges are plotted and regression equations are obtained for application by the 
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subsequent laterals. Since all the microtubes under a lateral deliver equal discharges, the 
lateral line discharge would be simple multiplication of this discharge with the number of 
microtube outlets in the lateral considered. Therefore, the pressure-discharge relationship 
obtained from the end-lateral could be expressed for all the laterals in the subunit. 
 
c) Manifold design - to design the manifold line the program has been developed to 
calculate the frictional and other losses based on stepwise calculation from the end-lateral 
up to the inlet of the manifold. Then discharge of each lateral is calculated according to the 
pressure-discharge relationship obtained in end-lateral. At each step, the Reynolds number 
along the manifold line is calculated and proper frictional head loss formulas are used to 
calculate the inlet heads of the laterals. The pressure head of the manifold and the number 
of laterals to achieve the best emission uniformity (say, EU > 90%) are the main outcome 
of the program.  
 
4.1.2 Design for Full EU 
It is desired to have a procedure with EU = 100% for the entire subunit. Unlike the above 
method, the Full EU system is based on variable microtube length for each lateral to 
dissipate extra frictional heads developed in the respective upstream reaches of the 
manifold. This Full EU system would follow the same procedure as explained in Pre-
defined EU system except the set of microtube lengths calculated at the end-lateral will be 
used to calculate the new set of microtube lengths for the subsequent laterals. 
 
4.2 Development of Model Algorithm 
Three separate programs have been developed for aforementioned purposes as follow:  
I. Program 1: Computing the microtube length and inlet total head of the end-lateral 
II. Program 2: Find the best number of laterals to achieve the Pre-defined EU  
III. Program 3: Finding the lengths of the microtubes for other laterals to achieve 100% 
EU in the entire system.   
 
4.2.1 Program 1 
In this program, the set of microtube lengths of the end-lateral are required to be calculated 
along with its total inlet head at the entry of the lateral. As such, the following parameters 
 31
require to be decided prior to commencing simulation; these parameters can be varied 
according to design circumstances or field conditions:  
1. Microtube diameter  
2. Microtube minimum length, n  
3. Coil diameter 
4. Lateral diameter 
5. Lateral length 
6. Microtube spacing, etc. 
 
Through this program, the Eqs (3.13-3.16) have been applied for different flow conditions 
in the end-lateral. The flow regime from laminar to turbulent along the lateral line depends 
on the design discharge, spacing of microtubes and diameters. At this point, the conditional 
commands have been used in the program to compute the unknown microtube lengths. 
Figure 4.1 (flowchart) illustrates the computational algorithm for this code. The results of 
this program are arranged in graphs and tables to provide a range of discharges versus 
pressure heads for different diameters of microtube and lateral and microtube spacing. The 
regression curve to find the best relationship between pressure head and discharge has been 
undertaken and will be discussed later.   
 
4.2.2 Program 2 
This program takes the results from the previous program and then computes the frictional 
head losses along the manifold line. Using the same set of microtube lengths as in end-
lateral and apply them in other laterals of the manifold, each lateral along the manifold can 
be imagined as large emitters. The hydraulic characteristics for these large emitters as 
explained before (Eq 3.18) are dependent on two parameters K  and x  which are obtained 
from Program 1. The microtube lengths and inlet pressure head of the end-lateral, manifold 
diameter, emission uniformity (EU) that the designers intend to apply and the number of 
laterals for the initiation of program to achieve a pre-defined EU are the major input data 
for this program. If the simulated EU from this program is less than the pre-defined EU, 
number of laterals was reduced for the next trial of the program.  
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Figure 4.1  Flow chart of Program 1 to calculate the microtube lengths, inlet pressure head 
and number of coils in the end-lateral 
INPUT DATA 
Sqdd lm ,,,,, min, 
FIND THE REYNOLDS NUMBER OF MICROTUBE 
FIND TH REYNOLDS 
NO OF LATERAL 
FLOW 
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COMPUTE n ,..., 21 , 
NUMBER OF COILS AND 
MICROTUBE PRESSURES 
USING Eq (3.13)
COMPUTE THE LATERAL INLET 
HEAD TH  
COMPUTE n ,..., 21 , 
NUMBER OF COILS AND 
MICROTUBE PRESSURES 
USING Eq (3.14)
COMPUTE n ,..., 21 , 
NUMBER OF COILS AND 
MICROTUBE PRESSURES 
USING Eq (3.16)
COMPUTE n ,..., 21 , 
NUMBER OF COILS AND 
MICROTUBE PRESSURES 
USING Eq (3.15)
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AND NUMBER OF COILS AND 
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NO
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This program starts with the total head of the end-lateral and adds the frictional head loss 
from the immediate upstream reach of the manifold to find the inlet pressure head of the 
following lateral. In each step Reynolds number was checked inside the manifold reach to 
select the correct frictional loss equation. So the new discharge in the following lateral is 
computed using Eq (3.18) and the process continued up to the first lateral of the manifold. 
The total number of laterals that would be sufficient for the given subunit can be obtained 
by adding or removing one or more new laterals each time and check whether it has 
reached the desired pre-defined EU. The output of this code includes the inlet pressure 
head of the manifold, total discharge and the best number of laterals applicable for the 
given subunit. Figure 4.2 illustrates the computational algorithm of this program.  
  
4.2.3 Program 3 
The main purpose of this code is to develop and design a system with 100% emission 
uniformity. The microtube lengths nn  ,,......., 121   and the inlet total head of the end-
lateral from Program 1 are applied for initiation of this program and then used to calculate 
the lengths of the microtubes for the following laterals. In this program each laterals are 
also imagined as large emitters with variable microtube lengths. The new set of lengths as 
the major part of this large emitter can be computed by increasing the lengths in trials of 
small increments to reach the value of the inlet pressure head of the lateral.  
 
These new sets of microtube lengths are unique for each lateral. Subsequently for the 
convenience of design of the system, related graphs and tables are developed for direct 
calculation of the microtube lengths which has been discussed in the following chapter. 
Figure 4.3 shows the computational algorithm of this program. 
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Figure 4.2  Flow chart of Program 2 to adjust the number of laterals required for a pre-
defined EU  
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Figure 4.3  Flow chart of Program 3 to compute the new set of microtube lengths for 
successive laterals to achieve full emission uniformity 
 
 
 
 
START
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4.3 Chapter Summary  
Three algorithms (programs) have been developed to simulate drip irrigation systems using 
microtube as emitters. The formulations developed in Chapter 3 came into account to find 
the unknown variables of the system. All three programs consider different flow regimes in 
the pipelines from microtubes to manifold as the flow rate is spatially varied. When pipe 
sizes and terrain slope are known, the microtube lengths and number of coils can be 
computed using Program 1 for end-lateral. Program 2 can be used after pressure-discharge 
formula for certain design is obtained by regression between discharges and corresponding 
pressures from end-lateral. Program 2 requires the results of Program 1 to continue the 
design of manifold using all laterals as large emitters with un-changed hydraulic 
characteristics.  
 
The aim of Program 3 is to design a system with equal outflows in the entire network. The 
concept of variable microtube length is applied in this program for all the laterals so that 
each lateral has different set of microtube lengths to dissipate varying extra heads. 
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Chapter 5  Results and Discussion 
 
5.1 Microtube Design for the End Lateral 
Since Program 1 has the main role in the design of the system and the results are to be used 
for the two other programs, some typical specifications of the system are chosen from a 
practical point of view for presenting the outcome. While the range of selected lateral 
diameters are taken as 10, 12, 14 and 16 mm, the microtube diameters are taken as 2, 3 and 
4 mm from a practical consideration of market availability and also to keep them free from 
clogging. These microtubes are installed on one side of the laterals to discharge a given q  
to the roots of the plants. For flat terrain ( %0S ) Table 5.1 shows the results related to 
inlet total head required ( TH ), number of coils made ( c ) and the longest length ( max ), 
and i  at i = 5 amongst all the estimated set of lengths of microtubes in that end-lateral. As 
can be seen in Table 5.1 the microtube lengths max remain almost same as min  in md  = 2 
mm for the higher discharges, while total heads required has moved to high level.  
 
To show the trend of microtube lengths in different terrains the program has also been run 
for two more slopes, S = 0.25% and 0.50%. The results show that some pressure heads for 
smaller diameter microtubes are very high and may be unrealistic for ordinary agricultural 
farms. These results have been shown in Appendix A. 
 
5.2 Microtube Design for a Pre-defined EU 
As discussed before in Program 2 the microtube lengths computed for end-lateral (in 
Program 1) would be assumed for all the following laterals of the subunit. Thus all laterals 
would have the same hydraulic characteristics and could be imagined to work as large 
emitters along the line of manifold. Evidently, flow rates of these emitters are not equal 
and can be estimated if the inlet total heads of each laterals are known along with the 
hydraulic constants ( x  and K ) of Eq (3.18) are known. These hydraulic constants have 
been obtained for all the nominated combinations of microtube and lateral diameters. 
Figure 5.1(a-f) shows the power-law regression curves generated according to Program 1 
results for pressures and discharges obtained for end-lateral. Different discharge ranges 
( q ) are selected in those graphs to obtain the 2R  values greater than 0.999. It clearly 
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illustrates that while the laterals are performed as emitters in its higher ranges, the smaller 
sized microtubes deliver less discharges with relatively higher heads, on the other hand 
larger sized microtubes deliver more discharges with relatively lower heads.  
 
Table 5.1  Longest length microtube max (m), and 5  , ii  (m), number of coils c  and 
inlet pressure head required TH  (m) for the given microtubes and discharges 
( ld  = 10 mm, min = 1.25 m, n  = 10,  = 1 m and S = 0 %; the shaded cells are 
considered as unrealistic range of total heads for current scenario)  
 
More graphs for other lateral diameters and slopes are given in Appendix B. The hydraulic 
constants x  and K  obtained from these graphs are summarized in Tables 5.2(a-c). These 
computations are based on discharging water from one side of the lateral. 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH , 
m 
max , &      
)( 5 , m 
c  
TH , 
m 
max , & 
)( 5 , m 
c  
TH , 
m 
max , & 
)( 5 , m 
c  
1 0.1 2.32 
(1.60) 
11 
(3) 
0.24 1.58 
(1.36) 
4 
(1) 
1.12 1.31 
(1.27) 
1 
(0) 
2 0.21 2.24 
(1.58) 
11 
(3) 
0.54 1.56 
(1.35) 
3 
(1) 
2.47 1.31 
(1.27) 
1 
(0) 
3 0.34 2.18 
(1.56) 
10 
(3) 
0.87 1.54 
(1.34) 
3 
(0) 
4.04 1.3 
(1.26) 
1 
(0) 
4 0.48 2.13 
(1.54) 
9 
(3) 
1.25 1.52 
(1.34) 
3 
(0) 
5.83 1.3 
(1.26) 
1 
(0) 
5 0.63 2.08 
(1.52) 
9 
(2) 
1.67 1.51 
(1.33) 
3 
(0) 
7.84 1.3 
(1.26) 
1 
(0) 
6 0.8 2.03 
(1.51) 
8 
(2) 
2.14 1.49 
(1.33) 
3 
(0) 
10.06 1.29 
(1.26) 
1 
(0) 
7 0.99 2 
(1.50) 
8 
(2) 
2.65 1.48 
(1.32) 
3 
(0) 
12.49 1.29 
(1.26) 
0 
(0) 
8 1.19 1.96 
(1.48) 
8 
(2) 
3.19 1.47 
(1.32) 
2 
(0) 
15.15 1.29 
(1.26) 
0 
(0) 
10 1.6 1.9 
(1.46) 
7 
(2) 
4.41 1.45 
(1.31) 
2 
(0) 
21.07 1.29 
(1.26) 
0 
(0) 
12 2.07 1.78 
(1.45) 
6 
(2) 
5.81 1.42 
(1.31) 
2 
(0) 
27.9 1.28 
(1.26) 
0 
(0) 
15 2.85 1.66 
(1.42) 
4 
(1) 
8.19 1.38 
(1.30) 
1 
(0) 
39.79 1.27 
(1.26) 
0 
(0) 
18 3.79 1.62 
(1.41) 
4 
(1) 
10.99 1.36 
(1.30) 
1 
(0) 
53.67 1.27 
(1.26) 
0 
(0) 
20 4.47 1.6 
(1.38) 
4 
(1) 
13.05 1.36 
(1.29) 
1 
(0) 
78.86 1.26 
(1.25) 
0 
(0) 
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a)   md =4mm, q=1-8 (litre/hr)   
 
 
b)   md =4mm, q=8-20 (litre/hr)  
 
 
c)   md =3mm, q=1-6 (litre/hr) 
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d)   md =3mm, q=6-20 (litre/hr) 
 
e)   md =2mm, q=1-6 (litre/hr) 
 
f)   md =2mm, q=6-20 (litre/hr)  
 
Figure 5.1  Pressure-discharge relationships for laterals as large emitters ( ld = 10 mm, 
min = 1.25 m, n  = 10,  = 1 m and S = 0 %)  
 
The flow rate from individual emitters depends on operating pressure, water temperature, 
manufacturing variations and degree to which the emitters are plugged. It is usually 
assumed that over some range of pressure ( H ), the emitter flow rate (Q ) is proportional to 
xH . The value of x  characterizes the flow regime of the emitter, which normally ranges 
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between zero and one (Solomon, 1985). In this study, the manufacturing variation and 
plugging, which were the main obstacles for improvement of emission uniformity have 
been eliminated due to the use of microtubes. As laterals can now be imagined as large 
emitters along the manifold, it is evident that the operating total heads would be the main 
effective variable for discharges along the outlets of the laterals. In the following tables the 
input data employed in some examples demonstrate the application of this approach. In a 
previous work by Hathoot et al. (1993) based on step by step method, the average emitter 
discharge, the corresponding average pressure head, the exponent and number of emitters 
are given so the individual discharge and pressure head for each emitter can be calculated. 
Similar technique has been applied for this study using laterals as large emitters with 
pressure-discharge relationship as shown in Tables 5.2(a-c).  
 
Table 5.2  Pressure-discharge relationships for different laterals with min = 1.25 m, n = 
10, and  = 1 m; a) for S = 0%, b) for S = 0.25%, and c) for S = 0.50% 
a) S = 0%   
ld  md  4 mm 3 mm 2 mm 
10 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 1.2-4.4 0.1-1.2 2.1-3.2 0.24-2.1 7.8-78.8 1.1-7.84 
x  0.6905 0.8371 0.6573 0.8217 0.6075 0.8164 
K  7.19 7.20 3.73 3.28 1.53 0.94 
12 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH  (m) 1.05-4.2 0.08-1.0 2.0-12.8 0.23-2.0 9.95-76.2 1.1-9.95 
x  0.6617 0.8093 0.6341 0.8203 0.6116 0.8171 
K  7.81 7.97 3.94 3.44 1.52 0.94 
14 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH (m) 0.99-4.1 0.07-0.99 2.0-12.6 0.22-2.0 9.92-73.7 2.2-9.9 
x  0.6436 0.7842 0.6438 0.8131 0.6048 0.8153 
K  8.10 8.28 3.94 3.50 1.57 0.95 
16 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH (m) 0.97-4.0 0.07-0.97 1.9-12.6 0.22-1.9 9.9-71.1 1.1-9.9 
x  0.6373 0.7926 0.6470 0.8160 0.6239 0.8155 
K  8.24 8.50 3.93 3.54 1.47 0.9517 
 
 
 
 42
b) S = 0.25% 
ld  md  4 mm 3 mm 2 mm 
10 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 2.3-6.25 0.26-2.3 2.9-14.8 0.41-2.9 10.9-78.9 1.28-10.9 
x  0.9177 0.9506 0.7814 0.902 0.6304 0.8352 
K  3.69 3.73 1.559 2.30 1.37 0.83 
12 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH  (m) 2.1-6.25 0.24-2.1 2.8-14.8 0.39-2.8 10.8-76.3 1.27-10.8 
x  0.8546 0.9439 0.7272 0.8953 0.6216 0.8351 
K  4.06 3.96 2.82 2.38 1.43 0.8421 
14 mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 2.7-6.4 0.23-2.1 1.5-6.4 0.38-2.8 10.8-73.7 1.26-10.8 
x  0.8211 0.9353 0.7195 0.8910 0.6399 0.8348 
K  4.31 4.07 2.86 2.42 1.34 0.84 
16mm 
,q litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 2.0-6.5 0.23-2.0 2.8-15 0.38-2.8 10.7-71.2 1.2-10.7 
x  0.7985 0.9408 0.7190 0.8927 0.7160 0.8354 
K  4.45 4.12 2.89 2.43 2.89 0.84 
c) S = 0.50% 
ld  md  4 mm 3 mm 2 mm 
10 mm 
,q  litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 3.4-8.04 0.42-3.4 3.8-16.6 0.57-3.8 11.7-79.06 1.4-11.7 
x  1.0701 0.9897 0.819 0.9403 0.6526 0.8556 
K  2.09 2.42 1.99 1.73 1.23 0.74 
12 mm 
,q  litre/hr   8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 3.3-8.31 0.4-3.29 3.7-16.9 0.55-3.7 3.7-76.4 1.4-11.7 
x  0.9579 0.9857 0.7941 0.935 0.6557 0.8531 
K  2.55 2.53 2.11 1.79 1.23 0.7577 
14 mm 
,q  litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 3.2-8.7 0.4-3.2 3.7-17.2 0.54-3.7 11.6-73.8 1.4-11.6 
x  0.917 0.9897 0.7739 0.9325 0.6612 0.8541 
K  2.69 2.56 2.2 1.81 1.21 0.75 
16 mm 
,q  litre/hr 8-20 1-8 6-20 1-6 6-20 1-6 
TH ( m) 3.2-9 0.39-7.5 3.6-17.5 0.5-3.6 11.6-71.3 1.4-11.6 
x  0.8789 0.9836 0.7622 0.9347 0.6661 0.8523 
K  2.86 2.60 2.25 1.82 1.19 0.7626 
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Previous study by Solomon and Keller (1978) indicated that for fixed orifice and nozzle 
type emitters, 5.0x , for long path emitters 10  x   and for pressure compensating 
emitters 5.00  x . In this study the exponential parameter x  values are found between 
0.6 and 1.0 as shown in Tables 5.2(a-c). Considering these results it can be reasoned that 
these type of laterals function as large emitters along the path of manifold and can be 
categorized as long path emitters. 
 
Results from Tables 5.2(a-c) would be helpful for designers to select the appropriate x  and 
K  values to run the program for computing EU of the system and thus the optimum 
number of laterals ( lN ) in each subunit. This type of table can be developed for different 
number of microtubes ( n ) and slopes ( S ) according to field conditions.  
 
Tables 5.3(a-b) show the results of the program for emission uniformity, total head at the 
inlet of the subunit ( subH ) and the optimum number of laterals ( lN ) for different 
microtube and lateral sizes with S = 0% and 0.5%, respectively. In those tables discharges 
of 10, 7 and 3 litre/hr are shown for 4, 3 and 2 mm of microtubes respectively, to achieve 
EU ≥ 90% for the given manifold diameter. Results indicate that employing larger sized 
manifold ( mdd ), the number of laterals ( lN ) can be increased to achieve a corresponding 
EU ≥ 90%. It also shows that the required subunit total head decreases in general with 
increasing of manifold diameter.  
 
Table 5.3  EU and number of laterals in one subunit with min = 1.25 m, n = 10, and  = 1 
m; a) for S = 0%, and b) for S = 0.50% 
a) for S = 0%, 
mdd  
 
md           
( q , litre/hr) 
4 mm 
(10) 
3 mm 
(7) 
2 mm 
(3) 
ld , mm 10 12 14 16 10 12 14 16 10 12 14 16 
20 mm 
lN  18 15 15 15 26 23 23 23 42 42 42 42 
EU % 90 93 93 93 90 91 91 91 92 92 92 92 
subH ( m) 3.9 2.7 2.6 2.6 6.15 4.9 4.8 4.8 6.7 6.6 6.6 6.6 
32 mm 
lN  34 34 34 34 43 50 43 91 60 60 60 60 
EU % 93 92 92 92 91 92 91 50 96 96 96 94 
subH ( m) 3.0 2.8 2.7 2.7 4.1 4.8 4.0 4.6 4.7 4.7 4.7 4.6 
 44
 
b) for S = 0.50%, 
 
5.3 Microtube Design for Full EU 
5.3.1 Energy Gradient Line Analysis  
In Program 3, microtubes and laterals are designed to discharge equal flow rates 
throughout the subunit. When the inlet total head at the end-lateral is known, all the 
frictional head losses of the respective manifold reaches can be added together to give 
corresponding inlet total heads of the following laterals. Indeed the end-lateral can be 
imagined as a large emitter with known hydraulic characteristics as explained earlier. Since 
it is obvious that all the lateral flow rates are equal, the frictional losses along the manifold 
are based on the respective flow rates in the reach, which are simple multiple of the 
corresponding number of laterals downstream. For convenience of design the energy 
gradient lines for laterals and manifold can be developed to calculate the total heads and 
the resulting microtube lengths required directly. 
 
The energy gradient line is a curve of exponential type for any lateral or manifold. Since 
flow rate decreases in the downstream direction, it is obvious that frictional losses in the 
upper reaches are much higher than the lower reaches. The total head losses are computed 
from total length of the pipe and its discharge, and other minor losses. In this study other 
minor losses are due to coils, entrance and exit velocity losses. 
 
mdd  
md           
( q , litre/hr) 
4 mm 
(10) 
3 mm 
(7) 
2 mm 
(3) 
ld , mm 10 12 14 16 10 12 14 16 10 12 14 16 
20 mm 
lN  19 19 19 19 26 26 26 27 43 43 43 43 
EU % 90 91 92 93 94 94 94 93 91 90 91 90 
subH ( m) 6.9 6.8 6.6 6.6 7.8 7.7 7.7 8.1 7.7 7.7 7.6 7.7 
32 mm 
lN  42 42 42 43 58 58 58 58 60 60 60 60 
EU % 90 91 92 90 91 91 91 91 97 96 97 96 
subH (m) 6.9 6.8 6.6 6.7 7.8 7.7 7.7 7.7 5.6 5.5 5.5 5.5 
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Wu and Gitlin (1975) and Wu (1992) worked to utilize the energy gradient line approach 
for direct calculation of the emitter discharges. The approach evolved a method for direct 
calculation of outflows based on an assumption that there would have 10-20% flow 
variation along the lateral. Evidently, the flow in the lateral is steady and spatially varied 
with decreasing discharges in the downstream direction. For a given pipe, the energy drop 
can be expressed as 
 
m
xkQdx
dH                                                                                                        (5.1) 
where, k  and m  are constants for a given flow condition ( m = 1 for laminar flow, 
m =1.75 for turbulent flow in smooth pipes and m =2 for turbulent flow; m =1.852 if 
Hazen-Williams equation is applied), dH = the energy drop for a given length dx  and xQ  
= the discharge at a section of length x  measured from the inlet point. Assuming the drip 
irrigation system is designed for an emitter with little or almost no variation in flow, the 
shape of the head drop ratio curve can be derived mathematically (Wu and Gitlin, 1975) 
from Eq (5.1) as: 
 
m
i iR
 1)1(1                                                                                                  (5.2)   
where, HHR ii   is a head drop ratio along a lateral, H = total head drop up to the 
end of the lateral, iH  is the total head drop at a length ratio i , Xxi /  is a length ratio 
for a given position x  from the lateral inlet to the total lateral length X . Wu and Gitlin 
(1975) defined Eq (5.2) for three dimensionless curves based on m  = 1, 1.75 and 2 for 
laminar, turbulent (in smooth pipe) and fully turbulent flows, respectively. In their 
approach, they considered frictional losses only, neglected minor losses from the emitters 
and laterals. Later Wu (1992) developed equations and computer program, where emitters 
with turbulent and non-turbulent flows were made to calculate the emitter flow rates 
directly. These approaches are developed based on the assumption that the variation of 
discharges through the emitters is negligible. Step-by-step method was in use to estimate 
the frictional losses of the laterals. 
 
The simulated curves that have been drawn in Figures 5.2(a-c) for head drop ratios, 
HHi   versus length ratios, i  (to be called simulated energy gradient lines) along the 
length of the laterals are showing some degrees of deviation from the energy gradient 
curves using the right-hand-side of Eq (5.2). The right-hand-side of the Eq (5.2) is said to 
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be applicable to laminar, turbulent and fully turbulent flows if the exponent values are 
taken as m  = 1, 1.75 and 2, respectively. Evidently the deviations as shown in Figures 
5.2(a-c) are due to the existence of mixed flow regimes and minor losses considered in the 
simulations of the head drop ratios. The right-hand-side of the Eq (5.2) is developed only 
for frictional head loss for a given flow regime. As such the head drop ratio curves in 
Figures 5.2(a-c) would match to Eq (5.2) if the exponent values are changed to m  = 0.32, 
0.1 and 0.05 for microtube diameters md  = 4, 3 and 2 mm respectively.   
 
a)      for md  4 mm 
 
b) for md  3 mm 
 
 47
 c) for md  2 mm 
 
Figure 5.2  Comparison between simulated ( iHHi     vs ) and Eq (5.2) derived energy 
gradient lines  
 
To compare the energy gradient lines for different microtube sizes the simulation results 
have also been plotted in Figure 5.3(a-d) for two laterals ld  12 mm and 16 mm and 
slopes S = 0% and 0.25%. As shown in these figures, energy gradient lines for the flat 
terrain are very close and more or less straight, while in upslope terrain the variation of 
these dimensionless curves is wide.  
 
It is perceptible that the selection of the sectional energy slope ( ii xH  / ) should be such 
that the simulated energy gradient line is always above the head required along the pipe 
line. A steeper slope simulated energy gradient line (particularly at the upstream-end) will 
produce smaller sized pipes, which will have less cost (Wu, 1975). It is said that the 
optimal shape of the simulated energy gradient line is a curve having sag above the straight 
line around H15.0  at the middle of the pipeline profile ( 5.0i ). However comparing the 
cost of the design determined by using a straight energy gradient line with the one using 
optimal energy gradient line, the cost difference is only about 2.5% (Wu, 1975). So from a 
given set of design parameters on discharges ( q ), diameters ( md , ld ), spacing ( ) and 
total head drops ( H ), a choice based on straight energy gradient line as shown in Figure 
5.3(a-d) would be sufficient to decide a combination of these parameters ( q , md  ld ,  , 
and H ) in different field situations ( S %). Visual inspection of these figures shows that 
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the design combination close to the straight energy gradient line would produce an 
optimum system. For flat terrain, it could be almost any combination since most curves are 
close to straight line. For sloped lands it shows that the microtube size 3mm with any 
discharge between q = 3 and 8 litre/hr would have better performances.  
 
a) ld  12 mm, S  0% 
 
b) ld  16 mm, S  0% 
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c) ld  12 mm, S  0.25%   
	
 
d) ld  16 mm, S  0.25% 
 
Figure 5.3  Simulated energy gradient lines for typical laterals; a) for ld = 12 mm, S  
0%, b) ld  16 mm, S  0%, c) ld  12 mm, S  0.25% and d) ld  16 mm, 
S  0.25%  (there are 10 trees placed at an interval of 1m space along the laterals) 
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5.3.2 Microtube Length Computation 
A technique has been developed for calculating the microtube lengths without the use of 
the program. A solution associated with design tables and graphs has been developed for 
designers to compute the varied microtube lengths. Developing the energy gradient line 
and generalizing its concept to the calculation of microtube length differences, have 
prompted to define a new parameter, iM  as microtube length difference ratio  
   iiM                  (5.3) 
where, Xxi   is a length ratio for a given position x  from the lateral inlet to the total 
lateral length ,X  i = )( max i   is microtube length difference at i  and                       
 )( minmax    is the total length difference for a given lateral. The simulation indicates 
that the microtube total length difference   varies according to the flow conditions in the 
microtubes and laterals. The   values shown in Figures 5.4(a-f) indicate that it reduces 
with smaller diameter microtubes along a given lateral. It is shown that the values of   
are declining with increasing discharge capacity of the microtubes and becoming almost 
constant for smaller diameter microtube (say at md  2 mm). The   values also reduce 
with the increase of lateral sizes.  
  
a) ld  12 mm, S  0%, 
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b) ld  14 mm, S  0%, 
  
 
 
 
          
 
 
 
 
 
 
 
 
c) ld  16 mm, S  0%, 
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d) ld  12 mm, S  0.25% 
 
  
e) ld  14 mm, S  0.25%, 
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f) ld  16 mm, S  0.25%, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4  Microtube total length difference   for typical laterals; a) for ld  12 mm, 
S  0%, b) for ld  14 mm, c) for ld  16 mm S  0%,  d) for ld  12 mm, 
S  0.25%, e) for ld  14 mm, S  0.25% and f) for ld  16 mm, S  0.25% 
(there are 10 trees placed at an interval of 1m space along the lateral)   
 
Subsequently it is found that with all the possible lateral and microtube diameters and 
discharges, the simulated microtube length difference ratios ( iM ) follow a general 
exponential trend (shown in Figure 5.5). This general trend only varies with respect to the 
land slope, S . While iM  can be read in Figure 5.5 at a position i , we need to know min  
for a given lateral in order to know the whole set of microtube lengths along that lateral. 
Analysis undertaken shows that the minimum microtube lengths, n min  for the laterals 
can be expressed as a general quadratic equation as  
 cjbja  2min                                                                                              (5.4) 
where, Ppj   is the position ratio for laterals along the manifold line at p  from the 
manifold inlet to the total manifold length P , and a , b  and c  are constants as given in 
Tables 5.4(a-b) for two lateral sizes ld  12 mm and 16 mm, respectively. As microtube 
length-difference distribution is related to head drop distribution, it is possible that Eq (5.2) 
can also be written for length difference ratios iM  in a similar form but with a different 
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exponential value m  (Eq 5.5) in order to calculate microtube lengths for any laterals. The 
simulated length differences curves (Figure 5.5) that are applicable for any discharges and 
diameters of lateral and microtube are based on all the friction and minor head loses 
considered earlier, fits well if m  1.2 and 1.64 for slopes of S  0% and 0.25%, 
respectively.  
 1)1(1  mi iM                                                                                                      (5.5) 
where, iM  as above mentioned can be computed by knowing   and min  of each lateral. 
So by substituting Eq (5.5) into Eq (5.3) we can get microtube lengths at different i  in a 
given lateral as 
 1min )1(
 mi i                                                                                              (5.6) 
where i  is the microtube length at the position i ,   is the total length difference 
obtained from Figure 5.4(a-f), and min  is the minimum microtube length, for a particular 
lateral position j  in the manifold, obtained from Eq (5.4) and Tables 5.4(a-b). These tables 
can be developed for a wide range of possible design parameters so that the design can be 
done without utilizing the computer programs directly. To calculate the operating pressure 
head of the subunit, hence the pressure head of the end lateral obtained from Figure 5.1 
should be added with the frictional head losses along the manifold reaches to give subH .  
 
Figure 5.5  Microtube length difference distribution for any discharge, and microtube and 
lateral size (this graph is derived for 10 trees placed at an interval of 2m space 
along the lateral) 
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The results of the simulation also indicate that the microtube total length differences 
minmax    for each of the laterals in the manifold is equal to constant; in fact, the 
microtube variation is a constant value despite of its varied length in successive laterals 
along the manifold. 
 
Tables 5.4(a-c) show the coefficient of j for two lateral slopes simulated for 6 different 
flow rates.  
 
Table 5.4  Coefficients of Eq (5.4) for minimum possible lengths of microtube min ;  a) for 
ld =12 mm and b) for ld =16 mm (these tables are derived for laterals at an 
interval of 1m space along the manifold, where 10 trees are placed at an interval 
of 1 m space along each of the lateral)   
a) ld =12 mm 
 
 
 
 
 
 
 
q  (litre/hr) 
md = 4 mm md = 3 mm md = 2 mm 
A b c a b c a b c 
1 
S=0% 0.1613 -0.3062 0.7010 0.0530 -0.1137 0.5788 0.0100 -0.0190 0.5125 
S=0.25% 0.1613 -0.3388 0.7072 0.0509 -0.1066 0.5659 0.0093 -0.0200 0.5126 
3 
S=0% -0.0790 -0.0207 0.6368 0.0225 -0.0650 0.5556 0.0012 -0.0104 0.5105 
S=0.25% 0.0341 -0.1836 0.6635 0.0095 -0.0554 0.5505 0.0020 -0.0111 0.5100 
6 
S=0% 0.1589 -0.3033 0.7038 0.0479 -0.0995 0.5734 0.0096 -0.0202 0.5141 
S=0.25% 0.1600 -0.3389 0.7081 0.0327 -0.0937 0.5671 0.0100 -0.0210 0.5129 
8 
S=0% 0.2054 -0.4344 0.7838 0.0620 -0.1157 0.5715 0.0120 -0.0227 0.5142 
S=0.25% 0.2054 -0.3815 0.7378 0.0604 -0.1268 0.5754 0.0118 -0.0250 0.5150 
12 
S=0% 0.2891 -0.5498 0.8015 0.0970 -0.1804 0.5969 0.0157 -0.0303 0.5172 
S=0.25% 0.2891 -0.5498 0.8015 0.0970 -0.1804 0.5969 0.0157 -0.0303 0.5172 
16 
S=0% 0.3614 -0.6875 0.8466 0.0812 -0.1937 0.6107 0.0200 -0.0380 0.5195 
S=0.25% 0.3614 -0.6875 0.8580 0.0812 -0.1937 0.6107 0.0200 -0.0380 0.5195 
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b) ld =14 mm 
 
c) ld =16 mm 
 
 
 
 
 
 
q  (litre/hr) 
md = 4 mm md = 3 mm md = 2 mm 
A b c a b c a b c 
1 
S=0% 
0.1612 -0.306 0.6753 0.018 -0.0609 0.5469 0.018 -0.0609 0.5469 
S=0.25% 
0.01 -0.019 0.5109 0.0504 -0.096 0.5558 0.01 -0.019 0.5109 
3 
S=0% 
0.0559 -0.1862 0.6446 0.0189 -0.0589 0.5451 0.0189 -0.0589 0.5451 
S=0.25% 
0.0559 -0.1862 0.6446 0.0039 -0.0118 0.509 0.0039 -0.0118 0.509 
6 
S=0% 
0.5191 -1.0233 1.0381 0.0522 -0.0983 0.5554 0.0552 -0.1043 0.5584 
S=0.25% 
0.1591 -0.3288 0.6985 0.0325 -0.084 0.5574 0.0093 -0.0181 0.5106 
8 
S=0% 
0.2254 -0.4032 0.7115 0.518 -1.0485 1.0356 0.518 -1.0485 1.0356 
S=0.25% 
0.205 -0.3868 0.711 0.0616 -0.1153 0.5633 0.012 -0.0227 0.5344 
12 
S=0% 
0.2738 -0.5335 0.786 0.0511 -0.1395 0.5904 0.0511 -0.1395 0.6121 
S=0.25% 
0.3045 -0.5494 0.7867 0.0818 -0.1555 0.5826 0.0163 -0.0308 0.5163 
16 
S=0% 
0.3616 -0.6877 0.8393 0.1423 -0.2369 0.6064 0.1423 -0.2369 0.6064 
S=0.25% 
0.382 -0.7098 0.8479 0.1423 -0.2369 0.6064 0.0204 -0.0385 0.5192 
q  (litre/hr) 
md = 4 mm md = 3 mm md = 2 mm 
A b c a b c a b c 
1 
S=0% 0.1613 -0.3068 0.6628 0.0496 -0.0963 0.5518 0.01 -0.019 0.5101 
S=0.25% 0.0112 -0.021 0.5109 0.0534 -0.0991 0.5518 0.0112 -0.021 0.5109 
3 
S=0% 0.0596 -0.1901 0.6337 0.0479 -0.0921 0.5497 0.0479 -0.0921 0.5497 
S=0.25% 0.0559 -0.1862 0.6322 0.0039 -0.0118 0.5082 0.0039 -0.0118 0.5082 
6 
S=0% 0.1591 -0.3033 0.6657 0.0479 -0.0921 0.5497 0.0091 -0.0185 0.5104 
S=0.25% 0.1591 -0.3033 0.6657 0.0557 -0.1046 0.5544 0.0091 -0.0179 0.5098 
8 
S=0% 0.2255 -0.4032 0.6995 0.0616 -0.1152 0.5593 0.0616 -0.1152 0.5593 
S=0.25% 0.0559 -0.1862 0.6322 0.0830 -0.1383 0.5644 0.0121 -0.0227 0.5117 
12 
S=0% 0.2893 -0.5501 0.7748 0.0818 -0.1555 0.5787 0.0159 -0.033 0.518 
S=0.25% 0.2893 -0.5501 0.7748 0.0818 -0.1555 0.5787 0.0159 -0.0306 0.5156 
16 
S=0% 0.3820 -0.7098 0.8433 0.1421 -0.2366 0.6048 0.0202 -0.0383 0.5188 
S=0.25% 0.3616 -0.6877 0.8347 0.1218 -0.2262 0.6079 0.0202 -0.0383 0.5188 
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5.4 Chapter Summary  
 
The results of several combinations of pipe sizes and terrain slopes have been simulated 
using the algorithms as explained in Chapters 3 and 4. Pressure-discharge relationships, 
using Program 1 of the end-lateral setup, were developed for later uses in Pre-defined EU 
(Program 2) and Full EU (Program 3) cases of the following laterals. These relationships 
are the key characteristics to run the Programs 2 and 3 to come up with typical design 
tables and graphs for the chosen scenarios.  
 
In the Pre-defined EU case, two manifold sizes are considered to calculate the number of 
laterals to be accommodated in reaching 90% or above emission uniformity (EU). The 
result shows that using larger size microtube would require longer pipe length and lower 
pressure head while smaller size microtube would require shorter pipe length and higher 
pressure head. The design also shows that by applying smaller size manifold, the number 
of laterals to form a subunit can be increased. 
 
For Full EU case, the energy grade line (EGL) approach has been applied to obtain the set 
of design graphs and tables to calculate the varying microtube lengths for each lateral in 
the entire subunit.   
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Chapter 6  Typical Design Examples  
 
In drip irrigation one of the main objectives is to provide each plant with measured supply 
of soil moisture which is sufficient to meet its transpiration demands. Drip irrigation offers 
unique agronomical, agro-technical, and economical advantages for the well-organized use 
of water (Keller and Karmeli, 1974). So far this research has tried to develop systems to 
deliver a given discharge to the plant roots. In this regard two systems of design have been 
analysed: one is based on Pre-defined EU where water is supplied with variation not below 
a limiting threshold; in the other one the system is such that the water is supplied with 100 
percent uniformity to call it Full EU system. To demonstrate the applicability of these 
systems outcome, some examples are prepared on the basis of typical design parameters in 
the irrigation fields. The material, which follows, provides an outline and adequate detail 
for the design.  
 
6.1 Irrigation Design Parameters 
In drip irrigation, only part of the soil volume is wetted. The moisture content at which the 
irrigation should be started depends on soil, crop and water-yield-economic factors. (Keller 
and Karmeli, 1974). The irrigation interval can be determined by identifying the maximum 
water that can be stored in the soil and the consumptive use of crops as follows (Keller and 
Bliesner, 1990) 
 
)
100
(
100
w
s
P
fZPWPFCD                                                                       (6.1) 
where, D = maximum net depth of each irrigation application over the whole area (mm), 
f = fraction of available moisture depletion allowed, FC = field capacity (% by weight), 
PWP = permanent wilting point (% by weight), Z = soil depth to be considered (m), s = 
specific gravity of soil (dimensionless) and wP = wetted area as a percent of the total 
irrigated area (%).  
 
Normally, f  is taken as 0.3 for drought sensitive crops and up to 0.6 for non-sensitive 
crops. The percentage of wetted area as compared to the whole irrigated area depends on 
emitter discharge and spacing and soil type (Keller and Karmeli, 1974). A table of 
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quantitative estimates of wP  based on irrigation depths close to 40mm in different soil 
textures, was prepared by Karmeli and Peri (Karmeli and Peri, 1977), for various emitter 
discharges and its spacing. While Keller and Karmeli (1974) stated that there is no right 
and proper minimum value for wP , the general conclusion is that the system with higher wP  
provides more insurance to system failures, easier to schedule and bringing more of the 
soil system into action for nutrient storage and supply. With the current knowledge of 
practice a reasonable design is to wet at least one-third ( %33wP ) of the potential root 
volume of the soil. On the other hand, wP  should be below 50% for widely spaced crops to 
achieve the advantages of keeping relatively dry strips.  
 
The irrigation interval depends on the rate at which water is consumed by the plants and 
the depth of irrigation applied by each cycle. To obtain the irrigation interval based on 
water stored in root zone the following relation can be formulated: 
       
cET
DF
                                                                                                                (6.2) 
where, F  = irrigation interval (days), and )( occ ETKET   = potential evapotranspiration 
(mm), oET = reference crop evapotranspiration (mm), cK = crop coefficient, D  = gross 
depth of water that can be stored in the soil (mm). This equation ensures that the use of 
water during one irrigation cycle just equals the depth of water stored in the root zone of 
the soil. To obtain the gross depth D , Eq (6.1) needs to be increased by a minimum of 
10% in order to take care of leaching, unavoidable deep percolation and evaporation from 
bare soils. Tscheschke (Tscheschke, 1973) found that the 10% excess water eliminates 
potential salt built-up problems in the wetted areas. The calculation of oET  is based on 
Penman-Montieth equation (Allen et al., 2011) for a given set of meteorological data. The 
crop coefficient cK  values can be obtained from any standard literature. 
 
The time each emitter is operated during irrigation operation can be written as: 
 lm
a
c
qE
FET
t  




                                                                                         (6.3) 
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where t  = time each emitter is operated during irrigation application (hr), aE = application 
efficiency of drip irrigation, m = spacing between emitters (microtubes) along the laterals 
(m), l = spacing between laterals along the manifold (m), and q  = emitter discharge 
(litre/hr). 
 
Estimation of system’s capacity requirements ( sQ ) are usually based on the maximum 
consumptive use rate expected during peak periods. If it is required to operate the system 
nearly full-time (20-24 hrs), we have to divide the plot into several operational units ( oN ) 
so that the selection of irrigation interval ( F ) and duration ( t ) are just right. The required 
system capacity is then found by: 
 
o
c
s Nt
FETA
Q 
               (6.4) 
where sQ  = total flow rate available to the system (litre/hr), and A  = total area of the plot 
(m2). The potential number of operational units, oN , into which the system will be divided 
should fulfil the condition as follows: 
 
t
FNo
 24                (6.5) 
 
6.2 System Design 
A typical plot of yx LL   with a flat slope in the x -direction ( 0xS ) and an upward slope 
in the y -direction ( %25.0yS ) is taken from Lilydale, Melbourne for the following case 
studies. A clay-loam type of soil has been considered in the plot. The manifold lines are 
laid along the x -direction and the laterals are laid along the y -direction.  So the 
microtubes are automatically aligned along the flat x -direction. Two different crops 
(tomato and grape) have been considered to be planted in this plot. The fixed input data 
related to plot, piping system, and soil are given in Table 6.1. In this regard the nearby 
meteorological data of Latrobe University Station, Melbourne is collected to use in 
Penman-Montieth equation. For design purpose it is needed to calculate the peak 
consumptive month oE  (February) and the corresponding cK  to obtain maximum 
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potential evapotranspiration, cET . The design output on water requirement and system 
discharge according to peak consumption are summarized in tabular format. 
 
Table 6.1  Input data related to plot, irrigation piping system and soil for case studies 
Variable Description Value  
xL  
 
Length of the plot in x -direction  
 
104 m 
yL  
 
Length of the plot in y -direction 
 
101 m 
xS  
 
Slope of the plot in manifold -direction  0.00 % 
yS  
 
Slope of the plot in lateral-direction 0.25 % 
m  
 
Distance between microtubes 1 m 
l  
 
Distance between laterals 2 m 
min  
 
Minimum length of microtubes 1.25 
n  Number of microtubes in one lateral 10 
md  
 
Diameter of microtube 2, 3 mm 
ld  
 
Diameter of lateral 12 mm 
mdd  
 
Diameter of manifold 20 mm 
s  
 
Specific gravity of clay-loam soil  (Hensen et 
al., 1980) – page 393 
 
1.35 
FC  
 
Field capacity of soil  27 % 
PWP  
 
Permanent wilting point of soil  13 % 
aE  
 
Irrigation efficiency 90 % 
 
6.2.1   Examples on Pre-defined EU  
For Grape Cultivation 
In this example grape is considered to be grown in the plot for the given set of parameters 
as stated in Table 6.1. Root zone depth, wetted area and fraction of available moisture 
depletion allowed are assumed to calculate irrigation interval (days) and duration (hours) 
for a suitably given microtube discharge, q . It is also required that the potential 
evapotranspiration rate and the gross depth of each irrigation application need to be 
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estimated from the above stated equations. All the assumed and computed outputs are 
shown in Table 6.2.  
 
Table 6.3 shows the microtube lengths, number of coils required in the end-lateral. This 
same set has been repeated for all the laterals under each manifold and then in the whole 
subunit. During this calculation, it was taken care that the EU should have more than 90%. 
The total pressure head of the submains subH  is calculated according to the number of 
laterals as well as EU of the system.  
 
Table 6.2  Assumed and output data related to irrigation to Grape 
Variable Description Value 
Z  Soil depth of the root zone 900 mm 
wP  Wetted area under the whole area 50 % 
f  Fraction of  available moisture depletion allowed 0.5 (Allen et. al. 2011) 
oET  Reference crop evapotranspiration (peak demand) 5.84 mm/day 
cK  Crop coefficient for grape (February) 0.7 
cET  Potential crop evapotranspiration (peak demand) 4.1 mm/day 
D  Net depth of irrigation water 42.5 mm 
F  Irrigation intervals 10 days 
t  Irrigation time 4 hrs 
q  Emitter flow rate  2.5 litre/hr 
 
Table 6.3  Output data for simulation of Case Study on Grape  
,md  
(mm) 
Design 
parameter  
Outlet number 
1 2 3 4 5 6 7 8 9 10 
3 
 
 
1st manifold of the right submain 
m ,
 
1.25 1.40 1.55 1.71 1.87 2.03 2.20 2.37 2.55 2.72 
c  0 1 3 4 6 8 10 11 13 15 
Kx  ,  8953.0x         38.2K  
subH  2.45 m       
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lN  25  (sub-division of the 1st subunit (ie, 1st manifold) shown in Figure 6.1) 
EU  94 % 
subRH _  2.55m 
Microtube 
length, m 
Total length of microtubes in each lateral = 19.65m 
There are 25 laterals in each manifold, 25 @ 19.65m = 491m 
There are 9 manifolds, 9 @ 491m = 4421m 
Total length of the right submain microtubes = 4421 m  
Lateral 
length, m 
Each manifold has 25 laterals @ 10m = 250m;   9 sets @ 250m = 2250m 
Total length of the right submain  laterals = 2250 m 
Manifold 
length, m 
9 sets @ (48 + 1) = 441 m 
Total length of the right submain manifolds = 441 m 
Submain 
length, m 
Total length of the right submain = 89 m 
Number of 
trees 
Total number of trees can be planted =  10×25×9 =  2250 
subRQ _  2250 @ 2.5 litre/hr = 5625 litre/hr  = 1.56 litre/sec 
 
1st manifold of the left submain  
It is symmetrical to right submain 
mainH  2.56 (provided that all manifolds on right submain work concurrently) 
2 
 
 
 
 
 
 
 
 
 
1st manifold of the right submain 
m ,  1.25 1.27 1.30 1.33 1.36 1.39 1.42 1.45 1.49 1.52 
c  0 0 0 0 1 1 1 2 2 2 
Kx  ,  8351.0x         8421.0K  
subH  8.92 m 
lN  42 
EU  92 % 
Manifold 
length (m) 
There could be 42 laterals in the right submain and 8 laterals in the left submain 
Right Sub-main                            (41 x 2m+1)x 9 sets = 747m 
Left Sub-main                              (7 x 2m+1)x 9 sets = 135m 
However, this unsymmetrical arrangement can be made symmetrical by taking 25 
laterals in each submain 
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Figure 6.1  Schematic layout of the plot used for grape 
 
The results show that using smaller microtube size is reasonable as the lengths of the 
microtubes are much less and implementation in farm system would be easier. However, 
the total pressure required to run the system in case of smaller microtube is considerably 
higher. The dimensions of land can be adjusted according to the number of laterals and 
manifold length. If the designer is free to choose the field dimensions, use of microtube 
size 3mm would be more convenient to keep the shape of the plot as square. As shown on 
Figure 6.1 and Table 6.3, using microtube size 2mm can change the symmetrical shape of 
the plot if designer tends to use the maximum permissible number of laterals and two 
submains have to serve the whole area. However, if possible to adjust the field 
measurements and remove one submain, the design would be closer to an economic 
scenario.  
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Since in reality the field dimensions depend upon non-technical factors such as ownership 
and easement limitations, some optimization methods are needed to be applied to find the 
most efficient solution for the system keeping the measurements unchanged. In these cases 
other irrigation factors such as time of irrigation which affects on flow rate can be 
manipulated; other factors of design shown in Table 6.2.  
 
For Tomato Cultivation   
For the same plot as stated in Table 6.1, tomato has been chosen to grow as per the 
assumed values on root zone depth, wetted area and fraction of available moisture 
depletion allowed as given in Table 6.4. Tomato can be grown in close spacing. Irrigation 
interval (days) and duration (hours) for a given microtube discharge, q  are calculated as 
given in Table 6.4.  Potential evapotranspiration rate and the net depth of each irrigation 
application are estimated from the above stated equations.  
 
In a similar way to the calculation for grape, Table 6.5 shows the piping system, pressure 
and discharge related details. During this calculation it was also taken care that the EU was 
more than 90%. The total pressure head of each submain subH  is calculated according to 
the number of laterals as well as EU of the system.  
 
Table 6.4  Assumed and output data related to irrigation to Grape 
Variable Description Value 
Z  Soil depth of the root zone 800 mm 
wP  Wetted area under the whole area 50 % 
f  Fraction of  available moisture depletion allowed 0.5  
oET  Reference crop evapotranspiration (peak demand) 5.84 mm/day 
cK  Crop coefficient for tomato  1.15 
cET  Potential crop evapotranspiration (peak demand) 6.7 mm/day 
D  Net depth of irrigation water 37.8 mm 
F  Irrigation intervals 6 days 
t  Irrigation time 4 hrs 
q  Emitter flow rate  2 litre/hr 
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Table 6.5  Output data for simulation of Case Study on Tomato  
,md  
(mm) 
Design 
parameter  
Outlet Number 
1 2 3 4 5 6 7 8 9 10 
3 
1st manifold of the right submain 
m ,
 
1.25 1.40 1.56 1.72 1.89 2.06 2.23 2.41 2.59 2.77 
c  0 1 3 5 6 8 10 12 14 16 
Kx  ,  8953.0x        38.2K  
subH  1.4 m 
lN  25  (sub-division of the 1st subunit (ie, 1st manifold) shown in Figure 6.1) 
subRH _  1.5 (provided that all manifolds on right submain work concurrently)  
EU  90 % 
Microtube 
length, m 
Total length of microtubes in each lateral = 19.88m 
There are 25 laterals in each manifold, 25 @ 19.88m = 497m 
There are 9 manifolds, 9 @ 497m = 4473m 
Total length of the right submain microtubes = 4473 m  
Lateral 
length, m 
Each manifold has 25 laterals @ 10m = 250m;   9 sets @ 250m = 2250m 
Total length of the right submain  laterals = 2250 m 
Manifold 
length, m 
9 sets @ (48 + 1) = 441 m 
Total length of the right submain manifolds = 441 m 
Submain 
length, m 
Total length of the right submain = 89 m 
Number of 
trees 
Total number of trees can be planted =  10×25×9 =  2250 
subRQ _  2250 @ 2.0 litre/hr = 4500 litre/hr  = 1.25 litre/sec 
 
1st manifold of the left submain  
It is symmetrical to right submain 
mainH  1.51 m   
 
2 
 
 
1st manifold of the submain 
  1.25 1.28 1.31 1.34 1.37 1.41 1.44 1.47 1.51 1.55 
c  0 0 1 1 1 2 2 2 3 3 
Kx  ,  8351.0x        8421.0K  
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subH  5 m   
lN  50   
EU  90 % 
Manifold 
length (m) 
So there will be only one submain from the main line, so the total length will be 
(49 x 2m+1)x 9 sets = 891 m 
 
Figure 6.1 illustrates the schematic layout that could be envisaged for these examples. The 
number of submains depends upon number of laterals in manifold. It is the decision that 
should be made whether smaller microtube diameter with longer manifold and fewer 
submains would be applied or larger microtube size with shorter length of manifold and 
more number of submains would be applied. 
 
Even though the accurate analysis of the system is out of scope of this study, a general 
understanding is given to reduce the ongoing cost of the system due to energy consumption 
in the long term operations.  
 
6.2.2  Examples on Full EU 
To show the procedure of microtube length calculation on Full EU, two typical examples 
have been considered as follows:  
 
Example 1 
For a typical subunit in a flat terrain ( S  0%), there are 10 laterals ( ld 12mm) at an 
interval of 1m space. Each lateral has 10 microtubes ( md 4mm) again at an interval of 
1m space to discharge q 1 litre/hr throughout the system. The minimum microtube 
length  nmin  0.5m has been set at the end-lateral ( j  = 1.0) as a design parameter so 
as to calculate the lengths of the other microtubes at i  0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 
and 0.9 for this end-lateral.  
 
The total difference of microtube length  0.52m has been obtained from Figure 5.4(a). 
So, the microtube lengths can be calculated using 2.1m  in Eq (5.6) as: 0.912, 0.818, 
0.737, 0.667, 0.613, 0.569, 0.537, 0.515, and 0.503 m, respectively.  
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The pressure head required for this subunit will be m053.0subH . 
 
Example 2 
For a typical subunit in an upslope terrain ( S  0.25%), there are 10 laterals   ( ld 12mm) 
at an interval of 1m space. Each lateral has 10 microtubes ( md 2mm) again at an interval 
of 1m space to discharge q 6 litre/hr throughout the system. The minimum microtube 
length  nmin  0.503m at j  = 0.7 lateral has been found using Eq 5.4 and Table 5.4(a), 
so as to calculate the lengths of the other microtubes at i  0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 
0.8, and 0.9 for this lateral.  
 
The total difference of microtube length  0.23m has been obtained from Figure 5.4(d). 
So, the microtube lengths can be calculated using 64.1m  in Eq (5.6) as: 0.677, 0.631, 
0.593, 0.563, 0.540, 0.523, 0.513, 0.506, and 0.504 m, respectively.  
 
The pressure head required for this subunit will be m28.7subH .   
 
6.3 Chapter Summary  
The basic parameters for designing a drip irrigation system have been explained 
considering the previous studies and conventional relations. Two plots with 0.25% slope 
and clay type of soil have been assumed to set up those drip irrigation systems. The plant 
and soil data incorporate with typical hydrological statistics to calculate the water 
requirements for tomato and maize.  
 
The program ran for two case scenarios with md = 2 and 3 mm and the results on microtube 
lengths, number of coils and the total head required are obtained. The number of laterals 
has been determined to set a system with 90% emission uniformity. The results of the 
considered case studies showed that by applying smaller size microtubes, the dimensions 
of the plot could be increased; however the higher head would be required.  
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For full emission uniformity system, the manual design procedure is demonstrated with 
two different examples. The design tables and graphs are in use along with the equations to 
show the simplicity of the design procedure.   
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Chapter 7  Conclusions and Recommendations  
 
7.1 Conclusions 
To reduce the problem of clogging and blockage of emitters due to sediment and solvable 
materials in drip irrigation, microtubes with diameters 2-4 mm have been proposed to act 
as emitters. To carry out a well-organized design with the maximum emission uniformity 
(EU) within the system, two solution algorithms, one is on Pre-defined EU and another one 
on Full EU, have been developed employing microtubes as emitters along the laterals.  
 
Microtubes with different lengths were designed to deliver equal volumes of water 
according to pressure head distribution along the lateral. The design starts from end-lateral 
with the calculation of a set of microtube lengths to flow a given discharge. A program has 
been developed to calculate these microtube lengths and corresponding total heads. It 
needs information about the microtube number and spacing, microtube and lateral 
diameters, and slope to flow a given discharge. For these design information, pressure-
discharge power relationships are generated for subsequent application. The length of the 
microtube is a variable to adjust the pressure and deliver steady and uniform flow rates 
through the reaches of laterals, manifolds, subunits and main lines.  
 
7.1.1 Design using Pre-defined Emission Uniformity (EU) 
In the Pre-defined EU, another simple computer code was developed to estimate the 
number of laterals that can be installed in the manifold to fulfil the EU requirement set by 
the designer. It needs information about the lateral spacing and diameter, manifold 
diameter and land slope to calculate total head developing in different reaches of the 
manifold. This code takes input on microtube lengths and pressure-discharge relationships 
from the first program of the end-lateral. The set of microtube lengths are replicated in all 
the following laterals. Hence, laterals work as large emitters to deliver resultant discharges 
for the varying pressure heads in the manifold reaches. Therefore, the number of laterals 
obtained from this code can be fitted in a manifold to perform in the best EU measure set 
by the designer.  
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The Pre-defined EU analysis shows that using smaller diameter microtube increases the 
number of lateral that can be implemented in the manifold. However the constraint of 
applying the smallest microtube size ( md = 2mm) is to increase total head requisite of the 
system and thus the operational cost. On the other hand, the larger microtube size ( md = 
4mm) needs longer microtube lengths when lower discharges are to be delivered. 
Considering all these prospects and constraints, the middle sized microtube ( md = 3mm) 
could be a balance to fulfil the present requirement of irrigation.  
 
7.1.2 Design using Full Emission Uniformity (EU) 
In the other design using Full EU algorithm, the microtube lengths are varied by some 
increment in each successive lateral compared to end-lateral microtubes. The variation of 
these microtube lengths are estimated according to the pressure heads to be dissipated in 
each lateral. Energy gradient line approach as is applied to lateral and manifold lines to 
show the variation of total head, is analogised with the variation of microtube lengths to 
present a new technique for design. Hence, by developing design tables, graphs and 
regression equations, the technique illustrates a simple design procedure for this approach.  
 
The challenge of compensating the variable pressure heads in the network has been made 
by obtaining the proportionate difference of microtube lengths required (simulated) in a 
balance to the extra total head there compared to the position at microtube min  of the end-
lateral. The simulation result shows that the exponential energy gradient curve can be 
matched with the microtube length difference distribution curve applicable for wide ranges 
of discharge and microtube and lateral sizes. The Eq (5.6) along with a graph on total 
difference of microtube lengths (Figures 5.4(a-f)) and the minimum microtube length 
required (Tables 5.4(a-c)) for a given lateral size, can make the design for uniform 
distribution of water in the subunit, much easier.  
 
7.2 Recommendations for Future Works 
A novel idea to apply microtubes as emitters in drip irrigation systems is introduced in this 
research. The study tried to produce design tables, graphs and regression equations to 
develop simple approaches for designing drip systems. Despite of those efforts there are 
ld
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still some gaps to be filled out by further works and researches. The following steps could 
be identified as for future works for potential development: 
1. The design tables of this study for the first program (end-lateral) are based on certain 
minimum length and coil diameter. Further work can be carried out to analyse the 
effects of changing coil diameter and minimum lengths to some other practical 
diameters and lengths on pressure head and microtube and manifold lengths. 
2. Economical analysis can be carried out with this work to find the optimum 
combination of pipe diameter and length with different terrain slopes. In the use of 
optimization model, constraints can be identified as system head losses, pipe sizes, 
land measurements, etc.  
3. A full-fledged design manual can be prepared using all the possible combinations of 
the design parameters that have been identified in this research. 
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Appendix A. Longest length microtube max (m), number of coils c  and inlet pressure 
head required TH  (m) for the given microtubes and discharges ( ld  = 12, 
14, 16 mm, min = 1.25 m, n  = 10,  = 1 m and S = 0, 0.25 and 0.5 %; 
the shaded cells are considered as unrealistic range of total heads and coil 
numbers)  
 
Table A.1  S  = 0% 
 
a)  ld  = 12 mm 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH , 
m 
max , &      
)( 5 , m 
c  T
H ,  
m  
max , &      
)( 5 , m 
c  T
H , 
m  
max , &      
)( 5 , m 
   c  
1 0.08 1.76 
(1.42) 
5 0.23 1.41 
(1.30) 
2 1.11 1.28 
(1.26) 
4 
2 0.18 1.73 
(1.41) 
5 0.5 1.4 
(1.30) 
2 2.44 1.28 
(1.26) 
0 
3 0.29 1.7 
(1.40) 
5 0.82 1.39 
(1.29) 
2 3.99 1.27 
(1.25) 
0 
4 0.41 1.67 
(1.39) 
5 1.18 1.38 
(1.29) 
1 5.76 1.27 
(1.25) 
0 
5 0.55 1.65 
(1.38) 
4 1.59 1.37 
(1.29) 
1 7.75 1.27 
(1.25) 
0 
6 0.7 1.63 
(1.37) 
4 2.04 1.37 
(1.29) 
1 9.95 1.27 
(1.25) 
0 
7 0.87 1.61 
(1.37) 
4 2.53 1.36 
(1.28) 
1 12.38 1.27 
(1.25) 
0 
8 1.05 1.59 
(1.37) 
4 3.06 1.35 
(1.28) 
1 15.03 1.27 
(1.25) 
0 
10 1.45 1.56 
(1.36) 
3 4.26 1.34 
(1.28) 
1 20.98 1.26 
(1.25) 
0 
12 1.89 1.53 
(1.35) 
3 5.63 1.34 
(1.28) 
1 27.8 1.26 
(1.25) 
0 
15 2.66 1.45 
(1.34) 
2 8.01 1.31 
(1.27) 
1 39.6 1.26 
(1.25) 
0 
18 3.5 1.43 
(1.33) 
2 10.77 1.3 
(1.27 
1 53.54 1.26 
(1.25) 
0 
20 4.22 1.41 
(1.32) 
2 1.3 1.3 
(1.27) 
1 76.22 1.25 
(1.25) 
0 
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b)  ld  = 14 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m 
max , &      
)( 5 , m 
c  T
H ,  
m 
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.07 1.52 
(1.34) 
3 0.22 1.33 
(1.27) 
1 1.1 1.26 
(1.25) 
0 
2 0.16 1.51 
(1.33) 
3 0.49 1.33 
(1.27) 
1 2.43 1.26 
(1.25) 
0 
3 0.27 1.49 
(1.33) 
3 0.8 1.32 
(1.27) 
1 3.97 1.26 
(1.25) 
0 
4 0.38 1.47 
(1.32) 
2 1.16 1.32 
(1.27) 
1 5.73 1.26 
(1.25) 
0 
5 0.52 1.46 
(1.32) 
2 1.55 1.31 
(1.27) 
1 7.72 1.26 
(1.25) 
0 
6 0.66 1.45 
(1.31) 
2 2 1.31 
(1.27) 
1 9.92 1.26 
(1.25) 
0 
7 0.82 1.44 
(1.31) 
2 2.48 1.31 
(1.27) 
1 12.34 1.26 
(1.25) 
0 
8 0.99 1.43 
(1.31) 
2 3.01 1.3 
(1.26) 
1 14.99 1.26 
(1.25) 
0 
10 1.38 1.41 
(1.30) 
2 4.19 1.3 
(1.26) 
1 20.93 1.26 
(1.25) 
0 
12 1.82 1.4 
(1.30) 
2 5.56 1.29 
(1.26) 
1 27.76 1.25 
(1.25) 
0 
15 2.58 1.38 
(1.29) 
1 7.9 1.29 
(1.26) 
0 39.64 1.25 
(1.25) 
0 
18 3.45 1.35 
(1.29) 
1 10.6 1.28 
(1.26) 
0 53.49 1.25 
(1.25) 
0 
20 4.11 1.34 
(1.28) 
1 12.66 1.27 
(1.26) 
0 73.69 1.25 
(1.25) 
0 
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c)  ld  = 16 mm 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &     
)( 5 , m 
c  T
H ,  
m    
max , &   
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.07 1.41 
(1.30) 
2 0.22 1.30 
(1.26) 
1 1.1 1.25 0 
2 0.16 1.4 
(1.30) 
2 0.48 1.29 
(1.26) 
1 2.42 1.25 0 
3 0.26 1.39 
(1.29) 
2 0.79 1.29 
(1.26) 
0 3.96 1.25 0 
4 0.37 1.38 
(1.29) 
1 1.14 1.29 
(1.26) 
0 5.7 1.25 0 
5 0.5 1.37 
(1.29) 
1 1.54 1.29 
(1.26) 
0 7.71 1.25 0 
6 0.64 1.37 
(1.29) 
1 1.97 1.28 
(1.26) 
0 9.91 1.25 0 
7 0.8 1.36 
(1.28) 
1 2.45 1.28 
(1.26) 
0 12.33 1.25 0 
8 0.97 1.35 
(1.28) 
1 2.97 1.28 
(1.26) 
0 14.97 1.25 0 
10 1.34 1.34 
(1.28) 
1 4.15 1.28 
(1.26) 
0 20.91 1.25 0 
12 1.78 1.34 
(1.28) 
1 5.5 1.27 
(1.25) 
0 27.73 1.25 0 
15 2.54 1.33 
(1.27) 
1 7.8 1.27 
(1.25) 
0 39.61 1.25 0 
18 3.41 1.31 
(1.27) 
1 10.59 1.27 
(1.25) 
0 53.47 1.25 0 
20 4.06 1.3 
(1.27) 
1 12.63 1.26 
(1.25) 
0 71.19 1.25 0 
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Table A.2  S  = 0.25% 
 
a)  ld  = 10 mm 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.26 6.97 
(4.19) 
61 0.41 3.06 
(2.18) 
19 1.28 1.6 
(1.43) 
4 
2 0.51 6.59 
(3.99) 
57 0.83 2.94 
(2.11) 
18 2.77 1.58 
(1.42) 
4 
3 0.77 6.26 
(3.82) 
53 1.31 2.83 
(2.06) 
17 4.48 1.56 
(1.41) 
3 
4 1.05 5.96 
(3.67) 
50 1.82 2.74 
(2.01) 
16 6.41 1.54 
(1.40) 
3 
5 1.34 5.7 
(3.54) 
47 2.38 2.65 
(1.97) 
15 8.56 1.52 
(1.39) 
3 
6 1.65 5.4 
(3.42) 
45 2.98 2.58 
(1.93) 
14 10.91 1.51 
(1.38) 
3 
7 1.97 5.26 
(3.31) 
43 3.62 2.51 
(1.90) 
13 13.52 1.5 
(1.37) 
3 
8 2.3 5.07 
(3.21) 
41 4.32 2.45 
(1.87) 
13 16.32 1.48 
(1.37) 
3 
10 2.97 4.74 
(3.04) 
37 5.78 2.35 
(1.81) 
12 22.48 1.46 
(1.36) 
2 
12 3.66 4.13 
(2.90) 
31 7.39 2.16 
(1.77) 
10 29.63 1.43 
(1.35) 
2 
15 4.58 3.27 
(2.72) 
21 9.94 1.88 
(1.71) 
7 41.53 1.37 
(1.34) 
1 
18 5.64 2.84 
(2.58) 
17 12.9 1.75 
(1.67) 
5 55.79 1.34 
(1.33) 
1 
20 6.25 2.53 
(2.27) 
14 14.86 1.65 
(1.57) 
4 78.96 1.26 
(1.25) 
0 
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b)  ld  = 12 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.24 6.41 
(4.00) 
55 0.39 2.88 
(2.12) 
17 1.27 1.57 
(1.42) 
3 
2 0.48 6.07 
(3.82) 
51 0.8 2.77 
(2.06) 
16 2.74 1.55 
(1.41) 
3 
3 0.72 5.77 
(3.66) 
48 1.26 2.68 
(2.01) 
15 4.43 1.53 
(1.40) 
3 
4 0.99 5.51 
(3.52) 
45 1.76 2.59 
(1.96) 
14 6.34 1.51 
(1.39) 
3 
5 1.26 5.27 
(3.39) 
43 2.3 2.52 
(1.92) 
14 8.47 1.5 
(1.38) 
3 
6 1.55 5.06 
(3.28) 
40 2.88 2.45 
(1.89) 
13 10.84 1.48 
(1.37) 
3 
7 1.85 4.87 
(3.18) 
38 3.52 2.39 
(1.86) 
12 13.38 1.47 
(1.37) 
2 
8 2.17 4.7 
(3.09) 
37 4.19 2.34 
(1.83) 
12 16.16 1.46 
(1.36) 
2 
10 2.84 4.4 
(2.93) 
33 5.66 2.24 
(1.78) 
11 22.4 1.44 
(1.35) 
2 
12 3.53 4.15 
(2.79) 
31 7.27 2.16 
(1.73) 
10 29.48 1.43 
(1.34) 
2 
15 4.54 3.3 
(2.63) 
22 9.92 1.9 
(1.68) 
7 41.49 1.37 
(1.33) 
1 
18 5.61 2.87 
(2.49) 
17 12.8 1.76 
(1.64) 
5 55.59 1.35 
(1.32) 
1 
20 6.25 2.55 
(2.42) 
14 14.88 1.66 
(1.62) 
4 76.32 1.26 
(1.25) 
0 
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c)  ld  = 14 mm 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.23 6.18 
(3.92) 
52 0.38 2.81 
(2.09) 
17 1.26 1.55 
(1.41) 
3 
2 0.46 5.85 
(3.74) 
49 0.79 2.7 
(2.04) 
15 2.73 1.53 
(1.40) 
3 
3 0.7 5.56 
(3.59) 
46 1.24 2.61 
(1.99) 
15 4.41 1.51 
(1.39) 
3 
4 0.96 5.31 
(3.45) 
43 1.73 2.53 
(1.94) 
14 6.31 1.5 
(1.38) 
3 
5 1.23 5.08 
(3.33) 
41 2.26 2.46 
(1.90) 
13 8.45 1.48 
(1.38) 
3 
6 1.51 4.88 
(3.22) 
39 2.85 2.4 
(1.87) 
12 10.79 1.47 
(1.37) 
2 
7 1.81 4.7 
(3.12) 
37 3.47 2.34 
(1.84) 
12 13.35 1.46 
(1.36) 
2 
8 2.11 4.54 
(3.03) 
35 4.13 2.29 
(1.81) 
11 16.09 1.45 
(1.36) 
2 
10 2.78 4.25 
(2.88) 
32 5.58 2.2 
(1.76) 
10 22.35 1.43 
(1.35) 
2 
12 3.49 4.01 
(2.75) 
29 7.21 2.12 
(1.72) 
9 29.45 1.42 
(1.34) 
2 
15 4.62 3.72 
(2.59) 
26 9.96 2.03 
(1.67) 
8 41.76 1.4 
(1.33) 
2 
18 5.7 3.01 
(2.46) 
19 12.92 1.8 
(1.63) 
6 55.61 1.36 
(1.32) 
1 
20 6.4 2.69 
(2.38) 
15 15.08 1.7 
(1.61) 
5 73.78 1.25 
(1.25) 
0 
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d)  ld  = 16 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m 
max , &      
)( 5 , m 
c  T
H ,  
m 
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.23 6.05 
(3.88) 
51 0.38 2.77 
(2.08) 
16 1.26 1.55 
(1.41) 
3  
2 0.46 5.74 
(3.71) 
48 0.78 2.67 
(2.02) 
15 2.72 1.53 
(1.40) 
3 
3 0.69 5.46 
(3.56) 
45 1.23 2.58 
(1.98) 
14 4.4 1.51 
(1.39) 
3 
4 0.94 5.21 
(3.42) 
42 1.71 2.5 
(1.93) 
13 6.3 1.49 
(1.38) 
3 
5 1.21 4.99 
(3.30) 
40 2.25 2.43 
(1.90) 
13 8.42 1.48 
(1.37) 
2 
6 1.49 4.8 
(3.19) 
38 2.83 2.37 
(1.86) 
12 10.77 1.47 
(1.37) 
2 
7 1.79 4.26 
(3.10) 
36 3.44 2.31 
(1.83) 
11 13.28 1.46 
(1.36) 
2 
8 2.09 4.46 
(3.01) 
34 4.11 2.26 
(1.80) 
11 16.07 1.45 
(1.36) 
2 
10 2.74 4.18 
(2.85) 
31 5.56 2.17 
(1.75) 
10 22.33 1.43 
(1.35) 
2 
12 3.45 3.95 
(2.73) 
29 7.19 2.1 
(1.71) 
9 29.43 1.41 
(1.34) 
2 
15 4.63 3.66 
(2.57) 
26 9.95 2.01 
(1.66) 
8 41.75 1.4 
(1.33) 
2 
18 5.79 2.2 
(2.44) 
21 13.0 1.86 
(1.62) 
7 55.64 1.37 
(1.32) 
1 
20 6.5 2.86 
(2.37) 
17 15.0 1.76 
(1.6) 
5 71.28 1.25 
(1.25) 
0 
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Table A.3  S = 0.5% 
 
a)  ld  = 10 mm 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.42 11.62 
(6.77) 
110 0.57 4.53 
(2.99) 
35 1.45 1.89 
(1.59) 
7 
2 0.81 10.93 
(6.40) 
103 1.14 4.31 
(2.88) 
33 3.07 1.85 
(1.57) 
6 
3 1.21 10.33 
(6.08) 
96 1.74 4.12 
(2.78) 
31 4.92 1.81 
(1.55) 
6 
4 1.63 9.8 
(5.80) 
91 2.4 3.95 
(2.69) 
29 6.98 1.78 
(1.53) 
6 
5 2.05 9.32 
(5.55) 
86 3.09 3.8 
(2.61) 
27 9.26 1.75 
(1.51) 
5 
6 2.49 8.9 
(5.32) 
81 3.84 3.67 
(2.54) 
26 11.78 1.72 
(1.50) 
5 
7 2.95 8.52 
(5.12) 
77 4.61 3.55 
(2.47) 
24 14.49 1.7 
(1.49) 
5 
8 3.42 8.17 
(4.94) 
74 5.43 3.44 
(2.41) 
23 17.42 1.68 
(1.48) 
5 
10 4.34 7.57 
(4.62) 
67 7.16 3.25 
(2.31) 
21 23.88 1.64 
(1.46) 
4 
12 5.24 6.47 
(4.35) 
56 8.98 2.9 
(2.23) 
18 31.14 1.57 
(1.44) 
3 
15 6.3 4.87 
(4.01) 
38 11.65 2.39 
(2.12) 
12 43.16 1.47 
(1.42) 
2 
18 7.49 4.06 
(3.75) 
30 14.71 2.14 
(2.04) 
9 57.75 1.42 
(1.40) 
2 
20 8.04 3.47 
(3.16) 
24 16.63 1.95 
(1.85 
7 79.06 1.27 
(1.26) 
0 
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b)  ld  = 12 mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.4 11.07 
(6.59) 
104 0.55 4.35 
(2.94) 
33 1.43 1.86 
(1.58) 
7 
2 0.78 10.41 
(6.23) 
97 1.1 4.15 
(2.82) 
31 3.04 1.82 
(1.56) 
6 
3 1.16 9.84 
(5.92) 
91 1.69 3.97 
(2.72) 
29 4.87 1.78 
(1.54) 
6 
4 1.56 9.34 
(5.65) 
86 2.33 3.81 
(2.64) 
27 6.92 1.75 
(1.52) 
5 
5 1.97 8.89 
(5.40) 
81 3.01 3.66 
(2.56) 
26 9.19 1.72 
(1.50) 
5 
6 2.4 8.49 
(5.19) 
77 3.74 3.54 
(2.56) 
24 11.69 1.7 
(1.49) 
5 
7 2.84 8.13 
(4.99) 
73 4.5 3.42 
(2.49) 
23 14.36 1.68 
(1.48) 
5 
8 3.29 7.8 
(4.81) 
70 5.31 3.32 
(2.43) 
22 17.26 1.65 
(1.47) 
4 
10 4.25 7.23 
(4.50) 
64 7.04 3.14 
(2.37) 
20 23.81 1.62 
(1.45) 
4 
12 5.18 6.76 
(4.24) 
59 8.92 2.99 
(2.28) 
19 31.16 1.59 
(1.43) 
4 
15 6.39 5.15 
(3.92) 
41 11.74 2.48 
(2.19) 
13 43.64 1.49 
(1.41) 
3 
18 7.67 4.31 
(3.66) 
33 14.87 2.22 
(2.09) 
10 57.8 1.44 
(1.40) 
2 
20 8.31 3.7 
(3.52) 
26 16.92 2.02 
(1.96) 
8 76.41 1.26 
(1.25) 
0 
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c)  ld  = 14 mm 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.4 10.83 
(6.51) 
102 0.54 4.28 
(2.91) 
32 1.43 1.84 
(1.57) 
6 
2 0.76 10.19 
(6.16) 
95 1.09 4.08 
(2.80) 
30 3.03 1.8 
(1.55) 
6 
3 1.14 9.64 
(5.85) 
89 1.67 3.9 
(2.70) 
28 4.85 1.77 
(1.53) 
6 
4 1.53 9.14 
(5.58) 
84 2.31 3.74 
(2.62) 
27 6.89 1.74 
(1.52) 
5 
5 1.94 8.71 
(5.34) 
79 2.98 3.61 
(2.54) 
25 9.16 1.71 
(1.50) 
5 
6 2.36 8.32 
5.13) 
75 3.69 3.48 
(2.47) 
24 11.66 1.69 
(1.49) 
5 
7 2.79 7.96 
(4.93) 
71 4.45 3.37 
(2.41) 
23 14.28 1.66 
(1.48) 
4 
8 3.24 7.64 
(4.76) 
68 5.25 3.27 
(2.36) 
21 17.22 1.64 
(1.46) 
4 
10 4.17 7.09 
(4.45) 
62 6.98 3.09 
(2.26) 
20 23.72 1.51 
(1.45) 
4 
12 5.16 6.62 
(4.2) 
57 8.9 2.95 
(2.18) 
18 31.15 1.58 
(1.43) 
4 
15 6.67 6.05 
(3.88) 
51 12 2.76 
(2.08) 
16 43.65 1.55 
(1.41) 
3 
18 7.94 4.68 
(3.63) 
36 15.15 2.33 
(2.00) 
12 57.9 1.46 
(1.39) 
2 
20 8.69 4.04 
(3.48) 
30 17.26 2.13 
(1.95) 
9 73.87 1.26 
(1.25) 
0 
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d)  ld  = 16 mm 
 
 
 
 
 
 
 
 
 
 
q   
litre/hr 
md = 4 mm         md = 3 mm md = 2 mm 
TH ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
c  T
H ,  
m    
max , &      
)( 5 , m 
   c  
1 0.39 10.71 
(6.47) 
101 0.54 4.24 
(2.90) 
32 1.42 1.84 
(1.57) 
6 
2 0.75 10.09 
(6.12) 
94 1.08 4.07 
(2.79) 
30 3.02 1.8 
(1.55) 
6 
3 1.13 9.54 
(5.82) 
88 1.66 3.87 
(2.69) 
28 4.84 1.76 
(1.53) 
6 
4 1.52 9.05 
(5.55) 
83 2.29 3.71 
(2.61) 
26 6.88 1.73 
(1.51) 
5 
5 1.92 8.32 
(5.31) 
78 2.96 3.58 
(2.53) 
25 9.13 1.71 
(1.50) 
5 
6 2.34 8.23 
(5.10) 
74 3.67 3.46 
(2.46) 
23 11.64 1.68 
(1.49) 
5 
7 2.76 7.88 
(4.91) 
70 4.42 3.35 
(2.40) 
22 14.26 1.66 
(1.47) 
4 
8 3.21 7.57 
(4.73) 
67 5.22 3.15 
(2.35) 
21 17.2 1.64 
(1.46) 
4 
10 4.13 7.02 
(4.43) 
61 6.95 3.07 
(2.25) 
19 23.69 1.61 
(1.44) 
4 
12 5.11 6.56 
(4.18) 
56 8.87 2.93 
(2.17) 
18 31.12 1.58 
(1.43) 
4 
15 6.69 5.99 
(3.86) 
50 12.03 2.75 
(2.07) 
16 43.77 1.54 
(1.41) 
3 
18 8.12 5.08 
(3.61) 
41 15.37 2.46 
(1.99) 
13 58.48 1.48 
(1.39) 
3 
20 9 4.42 
(3.47) 
34 17.58 2.25 
(1.95) 
11 71.36 1.26 
(1.25) 
0 
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Output Graphs from Program 1 
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Appendix B.  Pressure-discharge relationships for laterals as large emitters ( min = 
1.25 m, n =10  and   = 1 m) 
 
 
Figure B.1 S = 0%   and  ld =12 mm 
 
a)   md = 4 mm, q=1-8 (litre /hr) 
 
 
b)   md =4 mm, q=8-20 (litre/hr) 
 
 
c)   md =3 mm, q=1-6 (litre/hr) 
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
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Figure B.2 S = 0%   and  ld =14 mm 
 
a)   md =4 mm, q=1-8 (litre/hr) 
 
 
b)   md =4 mm, q=8-20 (litre/hr)   
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c)   md =3 mm, q=1-6 (litre/hr) 
 
 
 
 
d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
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f)   md =2 mm, q=6-20 (litre/hr) 
 
 
 
 
 
 
Figure B.3 S = 0%   and  ld =16 mm 
 
a)   md =4 mm, q=1-8 (litre/hr) 
 
 
 
 
 
b)   md =4 mm, q=8-20 (litre/hr) 
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 c)   md =3 mm, q=1-6 (litre/hr) 
 
 
 
 
d)   md =3 mm, q=6-20 (litre/hr) 
 
 
 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
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f)   md =2 mm, q=6-20 (litre/hr) 
 
 
 
 
 
 
 
Figure B.4 S = 0.25%   and  ld =10 mm 
 
a)   md =4 mm, q=1-8 (litre/hr) 
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b)   md =4 mm, q=8-20 (litre/hr)    
 
 
c)   md =3 mm, q=1-6 (litre/hr)   
 
 
d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr)   
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f)   md =2 mm, q=6-20 (litre/hr) 
 
 
 
 
 
 
 
 
 
 
Figure B.5 S = 0.25%   and  ld =12 mm 
 
a)   md =4 mm, q=1-8 (litre/hr)   
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b)   md =4 mm, q=8-20 (litre/hr)    
 
 
c)   md =3 mm, q=1-6 (litre/hr)   
 
 
 
 
d)   md =3 mm, q=6-20 (litre/hr)   
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e)   md =2 mm, q=1-6 (litre/hr)    
 
 
f)   md =2 mm, q=6-20 (litre/hr)   
 
 
 
 
 
 
 
 
Figure B.6 S = 0.25%   and  ld =14 mm 
 100
 
a)   md =4 mm, q=1-8 (litre/hr)   
 
 
b)   md =4 mm, q=8-20 (litre/hr) 
 
 
c)   md =3 mm, q=1-6 (litre/hr)    
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr)    
 
 
f)   md =2 mm, q=6-20 (litre/hr)    
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Figure B.7 S = 0.25%   and  ld =16 mm 
 
a)   md =4 mm, q=1-8 (litre/hr)    
 
 
 
 
 
b)   md =4 mm, q=8-20 (litre/hr)    
 
 
 
 
c)   md =3 mm, q=1-6 (litre/hr)    
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
 
 
e)   md =2 mm, q=1-6 (litre/hr)    
 
 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
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Figure B.8 S = 0.5%   and  ld =10 mm 
 
a)   md =4 mm, q=1-8 (litre/hr) 
 
 
b)   md =4 mm, q=8-20 (litre/hr) 
 
 
c)   md =3 mm, q=1-6 (litre/hr) 
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
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Figure B.9 S = 0.5%   and  ld =12 mm 
 
a)   md =4 mm, q=1-8 (litre/hr)    
 
 
b)   md =4 mm, q=8-20 (litre/hr)    
 
 
c)   md =3 mm, q=1-6 (litre/hr) 
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
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Figure B.10 S  = 0.5%  and  ld =14 mm 
 
a)   md =4 mm, q=1-8 (litre/hr)    
 
 
b)   md =4 mm, q=8-20 (litre/hr)   
 
 
c)   md =3 mm, q=1-6 (litre/hr) 
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
e)   md =2 mm, q=1-6 (litre/hr) 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
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Figure B.11 S  = 0.5%  and  ld =16 mm 
 
a)   md =4 mm, q=1-8 (litre/hr)    
 
 
 
 
b)   md =4 mm, q=8-20 (litre/hr)    
 
 
c)   md =3 mm, q=1-6 (litre/hr)    
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d)   md =3 mm, q=6-20 (litre/hr) 
 
 
 
e)   md =2 mm, q=1-6 (litre/hr)    
 
 
 
f)   md =2 mm, q=6-20 (litre/hr) 
 
 
